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Analysis and Simulation of Ground-Water Flow
in the Lake Wales Ridge and Adjacent Areas
of Central Florida

By Dann K. Yobbi

Abstract

The Lake Wales Ridge is an uplands
recharge area in central Florida that contains many
sinkhole lakes.  Below-normal rainfall and
increased pumping of ground water have resulted
in declines both in ground-water levels and in the
water levels of many of the ridge lakes.  A digital
flow model was developed for a 3,526 square-mile
area to help understand the current (1990) ground-
water flow system and its response to future
ground-water withdrawals.

The ground-water flow system in the Lake
Wales Ridge and adjacent area of central Florida
consists of a sequence of sedimentary aquifers and
confining units.  The uppermost water-bearing
unit of the study area is the surficial aquifer.  This
aquifer is generally unconfined and is composed
primarily of clastic deposits.  The surficial aquifer
is underlain by the confined intermediate aquifer
and confining units which consists of up to three
water-bearing units composed of interbedded
clastics and carbonate rocks.  The lowermost unit
of the ground-water flow system, the confined
Upper Floridan aquifer, consists of a thick,
hydraulically connected sequence of carbonate
rocks.  The Upper Floridan aquifer is about 1,200
to 1,400 feet thick and is the primary source for
ground-water withdrawals in the study area.

The generalized ground-water flow system
of the Lake Wales Ridge is that water moves
downward from the surficial aquifer to the
intermediate aquifer and the Upper Floridan
aquifer in the central area, primarily under the
ridges, with minor amounts of water flow under

the flatlands.  The water flows laterally away from
the central area, downgradient to discharge areas
to the west, east, and south, and locally along
valleys of major streams.  Upward leakage occurs
along valleys of major streams.

 The model was initially calibrated to the
steady-state conditions representing September
1989.  The resulting calibrated hydrologic
parameters were then tested by simulating
transient conditions for the period October 1989
through 1990.  A final test of model calibration
was conducted by  successfully simulating
transient conditions for the period October 1988
through September 1989.  Altitudes of the water
table, base of the surficial aquifer, riverbed
conductances, confining-unit leakances, aquifer
transmissivities, and net recharge and discharge
rates were determined during calibration.

Steady-state and transient simulations
reasonably approximated measured aquifer heads
and lake levels.  Residuals were within the
established calibration criteria that required
68 percent of all simulated heads to be within
±2 feet of observed surficial aquifer heads and
lake levels and ±5 feet of observed intermediate
and Upper Floridan aquifer heads.  Simulation of
streamflow was poor, probably due to the scale of
the model and regulated streamflow conditions.

Simulation indicates a marked difference
between the ground-water flow rates of September
1989 (steady-state conditions, end of wet season)
and May 1990 (large pumpage, end of dry season)
in million gallons per day:
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The calibrated flow model was used to
simulate the short-term (one year) effects of 1990
water year pumpage (349 Mgal/d) on the
September 1989 ground-water flow system in
response to five different pumping schemes:  (1) no
pumpage, (2) no public supply pumpage, (3) no
industrial pumpage, (4) no agricultural pumpage,
and (5) no regional pumping outside the Water Use
Caution Area.  Simulation of no pumpage
indicated maximum aquifer head rises of about
2 feet in the surficial aquifer and lakes, about
12 feet in the intermediate aquifer and about 16
feet in the Upper Floridan aquifer.  The high rate
recharge areas along the Lake Wales Ridge are
most affected by pumping. Simulation of no
agricultural pumpage resulted in a maximum
recovery of about 2 feet in each aquifer.
Simulation of no industrial or mining pumpage
resulted in a maximum of less than one foot in the
surficial aquifer and lakes, about 10 feet in the
intermediate aquifer, and about 14 feet in the
Upper Floridan aquifer.  Simulation of no public
supply pumpage indicated a maximum recovery of
less than one foot in the surficial aquifer and lakes,
about 4 feet in the intermediate aquifer, and about
10 feet in the Upper Floridan aquifer.  Simulation
of no regional pumping outside the Water Use
Caution Area indicated recoveries of less than 2
feet within the Water Use Caution Area.

Simulations were used to investigate long-
term aquifer changes in response to two
development alternatives: (1) continuation of 1990
water year hydrologic conditions and pumping
rates (349 Mgal/d), and (2) increased pumpage
(506 Mgal/d).  Simulation of continued 1990 water
year hydrologic conditions and pumping for 20
years indicated that head decline of more than 10
feet might be expected in each aquifer in the
northern part of the Water Use Caution Area.
Simulation of increased pumpage (an additional 45
percent) for 20 years indicated head declines of
more than 20 feet in each aquifer in the northern
part of the Water Use Caution Area.  Because lakes
are hydraulically connected to the surficial aquifer,

September 
1989

May
1990

Pumping rate 126 486
Downward leakage (into Upper 

Floridan aquifer)
367 564

Stream flow 67 13
Net lateral boundary flow   218 115
Total discharge (excluding 

evapotranspiration)
479 626

lake levels within the Water Use Caution Area
could decline substantially as a result of present
and future pumping and a continuation of 1990
hydrologic conditions.  These relatively large head
declines were accompanied by decreased
simulated lateral boundary outflow of about 40
percent and decreased simulated streamflow of
about 32 percent.  Equilibrium conditions at the
end of the two 20-year simulations had not been
attained.

INTRODUCTION
The Lake Wales Ridge is an uplands recharge

area in central Polk and Highlands Counties (fig.1) that
contains many large sinkhole lakes.  Since the early
1960’s, declines in water levels in many of the ridge
lakes have occurred in this important citrus-producing
area.  The problem of declining lake levels is apparently
related to several factors, including below normal rain-
fall, increased ground-water pumpage for agricultural
and industrial use, reduced recharge, and alterations to
the surface-drainage systems  (Barcelo, and others,
1990).  In 1989, the Southwest Florida Water Manage-
ment District (SWFWMD) declared a 750-mi2 area that
includes the Lake Wales Ridge, a Water Use Caution
Area (WUCA).  This declaration was the result of
increasing ground-water use, declining ground-water
and surface-water levels, and deterioration of water
quality (Barcelo and others, 1990).  To maintain lake
water levels, it is important to understand and quantify
the flow to, from, and within the related aquifers.  In
1989, the U.S. Geological Survey (USGS) in coopera-
tion with the SWFWMD began a study of the Lake
Wales Ridge area to enhance the understanding of the
ground-water flow system and how pumping effects
aquifer heads in the Lake Wales Ridge.

Purpose and Scope

This report describes and quantifies ground-water
flow in the major aquifers of central Florida.  The
hydrogeologic framework and conceptualization of the
multi-aquifer flow system also is described for the study
area.  A digital model of ground-water flow was devel-
oped, calibrated, and used to simulate present and future
aquifer response to ground-water pumping.

The emphasis of the study was on the 750-mi2

WUCA upland area of western Highlands and central
Polk Counties, but surrounding areas were included for
digital modeling purposes.  The model area covers
3,526 mi 2 and includes, in addition to the study area,
parts of Charlotte, De Soto, Hardee, Okeechobee, and
Osceola Counties.  
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Figure 1.  Location of study area, model area, water-use caution area and its relation to 
physiographic subdivisions.
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Previous Investigations

Numerous reports have been written about the
geology and ground-water resources of the study area.
Complete descriptions of the geology of Florida are
given by Cooke (1945) and Stringfield (1966).  Miller
(1986) describes the hydrogeologic framework of the
Floridan aquifer system.

Many investigators have studied the hydrogeol-
ogy of various counties within the study area.  Bishop
(1956), Stewart (1966) and Wilson (1977) described,
respectively, the geology and ground-water resources of
Highlands County, Polk County, Hardee County, and
De Soto County.  Duerr and Enos (1991) defined the
hydrogeologic framework of the intermediate aquifer
system and the Upper Floridan aquifer in Hardee and
De Soto Counties.

A number of studies have described the hydrol-
ogy of selected areas within the study area.  Pride and
others (1966) described the hydrology of the Green
Swamp area of central Florida.  Ground-water level
changes and other hydrologic effects of ground-water
withdrawals during the years 1934-65 were evaluated
by Kaufman (1967) within the Peace River basin.  Rob-
ertson (1973) assembled and summarized existing
hydrologic data to determine trends of ground-water
quality, ground-water levels, and water use in the Lake-
land Ridge area.  Hutchinson (1978) presented an
appraisal of the shallow ground-water resources of the
Upper Peace River basin.  Geraghty and Miller, Inc.
(1979, 1980) conducted a hydrologic investigation of
the Highlands Ridge of Polk and Highlands Counties to
determine the causes of the decline in water levels in
many of the ridge area lakes.  Shaw and Trost (1984)
evaluated the regional hydrogeology of the Kissimmee
River basin and adjacent areas to facilitate water man-
agement decision making, and simulation of ground-
water flow in the Upper Floridan aquifer.  Duerr and
others (1988) described the geohydrologic framework
of the intermediate aquifer system in west-central Flor-
ida, and Barcelo and others (1990) investigated the
cause and effect relation of lake-level declines in the
Highlands Ridge area.

Several reports have been written about the lakes
that lie within the study area.  Kohout and Meyer (1959)
discussed the relation of ground water to lake level in
Lake Istokpoga and Lake Placid areas of Highlands
County from 1955 to 1959.  The hydrology and limnol-
ogy of Crooked Lake and Lake Buffum area were
described by Bradburry and others (1978), and Jones
(1978), respectively.  Hammett (1981) described water-
quality characteristics and presented a water-budget
analysis of Lake Jackson from 1970 to 1973.  Adams

and Stoker (1985) described water quality, biological,
and hydrogeologic characteristics of Lake Placid and
adjacent areas, and Belles and Martin (1985) described
the basin and lake characteristics, hydrologic cycle, and
water-quality characteristics of Lake June-in-Winter.

Digital flow models have been used by several
investigators to evaluate the ground-water flow in all or
part of the study area.  Grubb and Rutledge (1979) used
a steady-state model to evaluate water-level change
caused by pumping from the Floridan aquifer system in
the Green Swamp area.  Wilson and Gerhart (1982)
used a digital model to predict changes in the potentio-
metric surface of the Upper Floridan aquifer in west-
central Florida as a result of pumping.  Ryder (1982,
1985) and Tibbals (1981, 1990) simulated predevelop-
ment and post-development ground-water flow condi-
tions in west-central and east-central Florida,
respectively.  Planert and Aucott (1985) simulated the
drawdown of the potentiometric surface of the Floridan
aquifer system as a result of pumping from numerous
hypothetical well fields located in Osceola County.
Shupe (1987) used a digital model to evaluate the possi-
bility of encroachment of saline water to a proposed
well-field in eastern Osceola County.  The effects of
future water-management schemes on the ground-water
resources of west-central Florida were simulated by the
SWFWMD (1993).

Description of Area

The study area has an area of 3,526 mi 2 and is
centered about the Lake Wales Ridge (fig. 1).  Surface
topography is characterized by a series of north-south
trending sand ridges separated by broad valleys.  The
surficial sands and other clastic materials are underlain
by karstified carbonate rocks.  Numerous lakes,
swampy plains, and intermittent ponds occur generally
along the ridge and adjacent flanks.  The most promi-
nent topographic feature of the area is the Lake Wales
Ridge (White, 1970) that extends south through the cen-
ter of the study area from Polk County into Highlands
County.  The Lake Wales Ridge is the highest and long-
est of five ridges in the area.  Altitudes on the crest of
the ridge range from about 150 to 300 feet above sea
level.  The southern part of the Lake Wales Ridge is
split into two secondary ridges by the Intraridge Val-
ley.  This part of the study area is hydrologically
dynamic because of the numerous karst features and the
large quantities of recharge that occur through swallow
holes, sinkholes, and sinkhole lakes.
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Other major physiographic features within the
general area of the study include the Polk Upland, De
Soto Plain, Osceola Plain, Bombing Range Ridge,
Okeechobee Plain, and the Caloosahatchee Incline
(fig. 1)  The Polk Upland is in the Polk County west of
the Lake Wales Ridge and is a broad, elevated, sandy
area that ranges in altitude from about 100 to 245 feet
above sea level.  The De Soto Plain occupies the south-
western part of the study area and has altitudes that
decrease gradually toward the southwest and generally
range from about 30 to 100 feet above sea level.  The
Osceola Plain is east of the Lake Wales Ridge and is
characterized by little relief and altitudes that range
from about 60 to 70 feet above sea level.  A prominent
feature of the Osceola Plain is known as the Bombing
Range Ridge, which resembles a large marine bar.

The Okeechobee Plain occupies the southeastern
part of the model area and has land altitudes that dip
very gradually to the south and generally range from
about 20 to 40 feet above sea level.  The Caloosa-
hatchee Incline borders the southern part of the De Soto
Plain and the extreme southeastern part of the Lake
Wales Ridge.  This area is characterized by a long, nar-
row incline that gently slopes eastward and has altitudes
that generally range from about 50 to 60 feet above sea
level.

Nearly 200 lakes and ponds occur along the
ridges and flanks of the Lake Wales Ridge.  The lakes
are probably the result of sinkholes formed by dissolu-
tion and collapse of the limestone and dolomite.  The
lakes vary in size from less than 20 acres to as much as
5,538 acres at Crooked Lake in southern Polk County.
Surface-drainage alterations have been made on many
of the lakes to facilitate routing of flood waters between
lakes, although several of the lake basins, especially in
the uplands part of the central ridge, have not dis-
charged any surface water for the past 25 years because
of low lake levels (Barcelo and others, 1990).

The Lake Wales Ridge is part of the surface
drainage divide between the Peace and Kissimmee Riv-
ers.  The western part of the ridge is drained by the
Peace River and its major tributaries, Payne, Charlie,
Joshua and Prairie Creeks.  The eastern part of the study
area is drained by the Kissimmee River and its major
tributaries, Arbuckle Creek and Josephine Creek.  Run-
off to streams ranges from zero in the sandhills to as
much as 11 in/yr where surface drainage is well devel-
oped.

The climate of the study area is subtropical
humid and is characterized by long, warm, relatively
wet summers and mild, relatively dry winters.  The
average annual rainfall is about 53 in. at Avon Park.

Annual rainfall is unevenly distributed with about
60 percent occurring during the four summer months
June through September.

Evapotranspiration (ET) accounts for the greatest
losses of rainfall in the study area and occurs in essen-
tially three modes involving either evaporation or tran-
spiration: (1) from plant surfaces, open-water bodies
and bare ground; (2) from the unsaturated zone (above
the water table but beneath land surface); and (3) from
the water table.  The average rate of actual ET from the
study area is about 40 in/yr (Geraghty and Miller, 1980;
Hutchinson, 1978; and Stewart, 1966).  The upper limit
of ET is approximately equal to the rate at which water
can evaporate from a free-water surface (such as a lake).
The maximum long-term average potential from free-
water surface in the study area is about 46 to 50 in/yr
(Visher and Hughes, 1975).  The maximum rate occurs
in areas where the water table is at or near land surface.
The minimum or base rate of ET, which is independent
of water level, ranges from 25 to 35 in/yr and occurs in
areas where the water table is at a depth of 13 feet or
greater (Tibbals, 1990).

GROUND-WATER FLOW SYSTEM

The ground-water flow system beneath the study
area is a multiaquifer system consisting of a thick
sequence of carbonate rock overlain by clastic deposits.
The sediments are subdivided into a sequence of dis-
crete lithologic units that form a layered sequence of
aquifers and confining units.  The framework includes
the unconfined surficial aquifer, the confined intermedi-
ate aquifer system, and the confined Floridan aquifer
system.  Two low permeable confining units, the upper
confining unit and the lower confining unit, separate the
aquifers.  The Floridan aquifer system is underlain by a
low-permeability gypsiferous limestone that forms the
bottom of the fresh ground-water flow system.

Hydrogeologic Framework

The following sections summarize the lithology
and hydraulic properties of aquifers and confining units
of the study area.  The hydrogeologic units, the corre-
sponding time-stratigraphic units, and general lithology
are given in table 1.  Lines of hydrogeologic sections
through the study area are shown in figure 2 and the
sections are shown in figures 3 and 4.
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Surficial Aquifer

The surficial aquifer is the uppermost water-bear-
ing formation.  It consists chiefly of a single unconfined
layer of sand of Holocene and Pleistocene age that gen-
erally grade into less permeable clayey or silty sands
with depth.  The aquifer is the major source of recharge
to the underlying confined aquifer systems and is some-
times used as a source of irrigation water, especially in
Highlands County.

Thickness of the surficial aquifer varies widely
over the study area and generally ranges from 10 to 300
feet.  Along the length of the Lake Wales Ridge, the
aquifer thickness ranges from about 50 feet in Polk
County to about 300 feet in southern Highlands County.
Thickness decreases gradually toward the west from
about 70 feet in eastern De Soto and Hardee Counties to
about 10 feet along the Peace River.  The thickness of
the aquifer generally ranges from less than 100 feet in
southwestern Polk County to generally less than 25 feet
in northwestern Polk County.  Aquifer thickness east of
the Lake Wales Ridge generally ranges from more than
150 feet in Highlands County to about 70 feet in
Osceola County.

Hydraulic properties of the surficial aquifer are
highly variable because of large differences in lithology
and thickness.  Hutchinson (1978) estimated a transmis-

Table 1.  Relation of geologic and hydrogeologic units in the Lake Wales Ridge area, Florida 
(modified from Wilson and Gerhart, 1982; Ryder, 1985; Swancar and Hutchinson, 1992)
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Upper
Floridan
aquifer

Middle
confining

unit

Lower Floridan
aquifer

Dolomite and
limestone

Limestone and
dolomite

Holocene and
Pleistocene

Undifferentiated
deposits

Peace River
Formation

Arcadia
Formation

Tampa
Member

Surficial sand,
terrace sand,
phosphorite

Lower

confining unitLimestone

sivity of 2,200 ft2/d for the surficial aquifer at a test site
near Bowling Green, and a specific yield of 0.29 based
on a laboratory analysis of aquifer samples.  Wilson
(1977) estimated an average transmissivity of about
1,100 ft 2/d for De Soto and Hardee Counties.  Model-
derived values of horizontal hydraulic conductivity
determined by Lee and Swancar (1994) at Lake Lucerne
in western Polk County ranged from 8 ft/d in the upper
part of the aquifer to 2 ft/d in the lower part of the aqui-
fer, which corresponds to aquifer transmissivity of
about 800 ft 2/d, respectively.  Pride and others (1966)
and Stewart (1966) determined a specific yield of 0.3
for the aquifer in Polk County.

Intermediate Aquifer System

The intermediate aquifer system includes all
water-bearing units and confining units between the
base of the surficial aquifer and the top of the Floridan
aquifer system.  The intermediate aquifer system con-
sists of as many as three water-bearing units that are
composed of clastic sediments interbedded with carbon-
ate rocks.  These water-bearing units collectively are
called the intermediate aquifer in this report.  The aqui-
fer system is heterogenous and varies widely in lithol-
ogy and thickness.
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Figure 2.  Locations of hydrogeologic sections.
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Figure 3.  Hydrogeologic section A-A’.  (Modified from Barcelo and others, 1990.  Location of section is shown in fig. 2.)
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The intermediate aquifer is confined above and
below by the upper and lower confining units.  Gener-
ally, the upper confining unit is comprised of clayey and
pebbly sand, clay, marl, and shell, and the lower confin-
ing unit is comprised of sandy clay and clayey sand
(Duerr and others, 1988; table 1).  These confining units
are highly variable both spatially and vertically.  Rocks
equivalent to the intermediate aquifer are thin and
poorly permeable in the northern and eastern parts of
the study area and comprise a complex confining unit
between the Floridan aquifer system and the surficial
aquifer. 

The thickness of the intermediate aquifer ranges
from nearly zero where the deposits pinch out in central
Polk County to more than 500 feet in Highlands
County.  The intermediate aquifer is missing near its
northern extent where poorly permeable equivalent
rocks directly overlie the Floridan aquifer system
(Hutchinson, 1978).

Transmissivity of the permeable units of the
intermediate aquifer system is generally less than
13,000 ft 2/d, and the aquifer system exhibits storage
characteristics of a confined aquifer (Hutchinson,
1978).  Transmissivity is variable over short distances
and is indicative of lithologic heterogeneity within the
system.

Field hydraulic data for the confining units are
nearly nonexistent.  With few exceptions, estimates of
the hydraulic properties of the confining units in the
study area are available only from flow model simula-
tions.  Model-derived leakance values (the ratio of verti-
cal hydraulic conductivity of the confining bed to its
thickness) determined by Ryder (1985) in the study area
ranged from 1 x 10 - 5 to 3 x 10 - 4 (ft/d)/ft for the upper
confining unit, and from 7 x 10 - 6 to more than 1 x 10 -

4 (ft/d)/ft for the lower confining unit.  Leakance values
of both units generally are highest along the ridge,
which is riddled with sinkholes, and lowest along the
flanks of the ridge where karst features are less numer-
ous.

Floridan Aquifer System

The Floridan aquifer system is a thick hydrauli-
cally connected, sequence of Tertiary age carbonate
rocks.  The degree of hydraulic connection is highly
variable spatially and vertically.  The Floridan aquifer
system underlies the intermediate aquifer and consists
of the Upper and Lower Floridan aquifers that are sepa-
rated by a middle confining unit (Miller, 1986).  The
middle confining unit and the Lower Floridan aquifer
generally contain saltwater in the study area, and fresh-

water flow is generally limited to the Upper Floridan
aquifer (Ryder, 1985).

The geologic formations that make up the Upper
Floridan aquifer in the study area include the permeable
sections of the lower part of the Hawthorn Group, the
Suwannee Limestone, the Ocala Limestone, and the
Avon Park Formation (table 1).  The thickness of the
Upper Floridan aquifer ranges from about 1,200 to
1,400 feet.  The Suwannee Limestone generally forms
the top of the Upper Floridan aquifer which ranges in
altitude from about zero to about 700 feet below sea
level (Miller, 1986).

The base of the Upper Floridan aquifer is consid-
ered to be at the first occurrence of vertically persistent,
intergranular evaporates in the Avon Park Formation.
The permeability of these rocks is extremely low, rang-
ing from five to six orders of magnitude less than the
highly permeable rocks of the overlying Upper Floridan
aquifer (Hickey, 1990). 

The Upper Floridan aquifer consists of two sig-
nificant water-bearing zones separated by a less perme-
able zone.  The upper water-bearing zone includes the
Tampa Member of the Hawthorn Group and parts of the
upper Ocala Limestone.  This zone is less permeable
than the lower water-bearing zone.  The lower water-
bearing zone, which includes the Avon Park Formation,
is highly permeable and contains large solution chan-
nels that have developed along fractures (Wolansky and
Corral, 1985).  The upper and lower water-bearing
zones are separated by less permeable sections of the
Ocala Limestone.  There is, however, enough vertical
interconnection between zones to consider the Upper
Floridan aquifer a single hydrologic unit (Ryder, 1985).

Hydraulic characteristics of the Upper Floridan
aquifer vary widely within the study area due to the het-
erogeneity of the aquifer, which is largely attributable to
secondary porosity and permeability in the carbonate
rock.  The high permeability of the aquifer generally
results from fractures and the dissolution of the lime-
stone and dolomite.  A major assumption of the hydro-
logic analysis for this study is that regional flow in the
Upper Floridan aquifer can be analyzed using methods
developed for investigating the hydraulics of porous
media.  This assumption is justified because the aquifer
has been shown to approximate a uniformly porous
media when the scale of the investigation is large
(Hutchinson, 1984; Bengtsson, 1987; and Fretwell,
1988).  In addition, Hickey (1984) was able to confirm
that flow in the Upper Floridan aquifer is Darcian.
Analysis of aquifer-test data indicated that, for a partic-
ular distance at a specific time, a linear relation exists
between drawdown and discharge.
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Computed field values of transmissivity of the
Upper Florida aquifer range from 10,300 to
270,000 ft2/d (Ryder, 1985).  Transmissivity is lowest in
the north where low values probably reflect the pres-
ence of sand-filled fractures (Pride and others, 1966).
Transmissivity is highest in the southwestern part of the
study area where large solution channels have devel-
oped along fractures (Wolansky and Corral, 1985).

The storage coefficient of the Upper Floridan
aquifer determined from aquifer-test analyses ranges
from about 1.8 x 10 - 2 to about 3.1 x 10 - 4.  The    stor-
age coefficient in confined aquifers is directly propor-
tional to aquifer thickness; however, in the Floridan
aquifer system, storage coefficients sometimes bear no
discernible relation to aquifer thickness on a regional
scale (Maslia and Hayes, 1988).

In the extreme eastern part of the study area, the
Upper Floridan aquifer is separated from the Lower
Floridan aquifer by a separate semi-confining unit com-
posed primarily of soft, chalky limestone and dolomitic
limestone (Tibbals, 1990).  Because of the small areal
extent, this unit is only of minor importance to the Flori-
dan aquifer system in west-central Florida and was not
represented in the calibrated flow model. 

Water Use  

In calendar year 1990, a combined total of about
401 Mgal/d of freshwater was withdrawn in the study
area from the surficial aquifer, the intermediate aquifer
and the Upper Floridan aquifer for irrigation, public,
industry, recreation, and mining uses (table 2).  The pri-
mary use of ground-water in the area is for agriculture,
which accounts for withdrawals of 275 Mgal/d.  Mining
is the second largest user of ground-water and accounts
for withdrawals of 60 Mgal/d.  Withdrawals for public
supply average about 48 Mgal/d.  Recreation and indus-
trial water use accounts for 11 and 8 Mgal/d, respec-
tively. 

Withdrawals of ground water vary seasonally.  In
1990, nearly 32 percent of total withdrawals occurred
during March, April, and May.  Withdrawal  fluctua-
tions are a result of seasonal variations in rainfall, tem-
perature, and demand for irrigation supplies (Marella,
1992).

The Upper Floridan aquifer is the major source of
water and supplies more than 30 times the amount of
water pumped from either the surficial or intermediate
aquifer (table 2).  Water use from the intermediate aqui-
fer system is most significant in areas where wells are
cased to the first persistent rock unit and contain an
open hole section finished into both the intermediate
aquifer system and the underlying Upper Floridan aqui-
fer.  Water use from the surficial aquifer system is small
because of low yields and a high potential for contami-
nation; however, because of the system’s greater thick-
ness in Highlands County, it is an important source for
irrigation supply in this county.

Water-use estimates for this study were obtained
from the water-use permitting files of both the South-
west Florida and the South Florida Water Management
Districts.  Public supply and large industrial water users
meter their usage and their values are the most accurate.
Estimates of agricultural water use, on the other hand,
are the least accurate because such use is generally not
metered.  Pumpage estimates for agricultural withdraw-
als were based on irrigated crop averages obtained from
the SWFWMD.  Water-use permits do not delineate
withdrawals by aquifer; therefore, values of pumpage
assigned to individual aquifers were based upon (1)
well-construction data,  including total well depth and
cased interval; (2) aquifer depths and thicknesses data;
and (3) specific capacity and transmissivity value for
multiple aquifer wells.

Water-Level Fluctuations

Water levels for 20 ground-water monitoring
sites and 14 lakes in the study area were used to evalu-
ate water-level fluctuations.  The primary factors
influencing water levels are rainfall and pumpage.
Location of wells and lakes used in this report are
shown in figure 5.

Water levels in the surficial aquifer system fluc-
tuate seasonally in response to recharge from rainfall,
evapotranspiration, lateral discharge of water to lakes
and streams, and downward leakage of water to under-
lying aquifers.  Seasonal fluctuations may be as much
as 5 feet in areas of high topographic relief where the
aquifer is composed of highly permeable material and

Table 2.  Ground-water withdrawals within the Lake Wales 
Ridge area, Florida, by use category, and aquifer, calendar 
year 1990 (January 1, 1990 to December 31, 1990)

Category
Surficial
aquifer

Interme-
diate

aquifer

Upper 
Floridan 
aquifer

Total

Agriculture 13.7 8.9 252.0 274.6
Mining 0.2 1.9 57.4 59.5
Public Supply 0.0 1.1 47.1 48.2
Recreation 0.1 0.1 10.5 10.7
Industry 0.1 0.0 7.6 7.7

Total 14.1 12.0 374.6 400.7
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Figure 5.  Location of selected water-level data-collection sites used for hydrograph analysis.
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areas, and located in areas of concentrated ground-water
pumpage have experienced larger water-level fluctua-
tions. 

Long-term declines in water levels have occurred
in some lakes and in the surficial aquifer in surrounding
areas.  Most of the declines are probably a result of
below normal rainfall and ground-water pumpage; how-
ever, other factors, including the hydrogeologic setting
of the lakes and surface drainage alterations, also have
contributed to lowered lake levels (Barcelo and others,
1990).

Water levels in the intermediate aquifer and in the
Upper Floridan aquifer respond seasonally to rainfall
and pumpage.  Seasonal fluctuations in water levels of
wells completed in the intermediate aquifer and the
Upper Floridan aquifer are shown in figures 8 and 9.
The hydrographs show that the water-level fluctuation
pattern for wells completed in the intermediate aquifer
are similar to patterns for wells completed in the Upper
Floridan aquifer.  The graphs also show that water lev-
els generally are at, or near, their minimum during May.
Beginning in late May, and continuing through Septem-
ber, water levels in wells rise rapidly in response to
summer rains and the cessation of irrigation pumpage.

rapid infiltration of rainfall occurs.  More commonly,
seasonal fluctuations are less than 5 feet in flat-lying
areas where material of low permeability is within and
near the top of the aquifer.  The hydrograph for the
Bairs Den well (site 18) shows typical fluctuations that
correlate closely with changes in rainfall patterns
(fig. 6).  Higher water levels reflect wetter years while
lower water levels reflect drier years.

 Lake levels fluctuate naturally in response to
variations in rainfall, evaporation, and surface-water
and ground-water inflow and outflow.  In Florida, the
magnitude of lake-level fluctuations can differ greatly
for adjacent lakes in the same general area, even though
the net rainfall and evaporation over the long term is
about the same for all lakes in the same general area
(Hughes 1974).  For example, during 1950 to 1990, the
range in water level for Crooked Lake (site 28) was
about 16 feet and for Lake Clinch (site 29) was less than
8 feet even though rainfall accumulations were similar
(fig. 7).  The contrast in lake levels is probably due to
differences in the thickness and permeability of the con-
fining unit underlying the lakes and the proximity and
magnitude of ground-water pumpage.  In addition, lakes
of higher altitude, greater depths, smaller drainage

Figure 6.  Water levels in the surficial aquifer at the Bairs Den well near Lake Placid, 1949 through 1989. (Location of well 
site 18 is shown in fig. 5.)
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The range of water-level fluctuation in the Upper
Floridan aquifer varies to some extent with geographic
location.  Seasonal water levels can vary as much as 30
feet near major agricultural and industrial pumping
areas.  One such area is in northern Hardee County and
southern Polk County where the potentiometric surface
of the Upper Floridan aquifer ranges between 40 and 70
feet above sea level.  In areas where pumpage for irriga-
tion use is small, water levels seldom vary more than 10
feet between September and May.  One such area is in
the Green Swamp where the potentiometric surface of
the Upper Floridan aquifer generally ranges from 120 to
130 feet above sea level.

The long-term trend in water levels in the inter-
mediate aquifer and in the Upper Floridan aquifer is one
of decline (figs. 10 and 11).  One of the major centers of
decline is in the phosphate mining area of central south-
ern Polk County where long-term observed head loss is
60 feet or more since predevelopment.  Long-term
water-level declines in other parts of the study area
range from a few feet in De Soto County to about 20
feet in northeast Hardee County.  In a few areas where
little ground-water development has occurred, water
levels have remained unchanged.  These areas are pri-
marily in eastern Polk County, in the area immediately
west of the Kissimmee River, in northeast Highlands
County, and in southern De Soto County.

Figure 7.  Water levels in Crooked Lake and Lake Clinch near Frostproof, 1945 through 1989. (Location of lakes (sites 28 
and 29) are shown in fig. 5.)
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Figure 8.  Water levels in wells open to the intermediate 
aquifer, September 1989 through September 1990. 
(Location of wells (sites 2 and 12) are shown in fig. 5.)
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Hydrographs of long-term water levels shown in
figures 10 and 11 indicate long-term water-level
declines in their annual high water levels and an
increase in the range between the seasonal low and high
water levels, especially during the late 1960’s and early
1970’s.  Since about 1975, water levels in these wells
generally have maintained their wet-season levels; how-
ever, water levels have not recovered to pre-1960 levels.

The water-level declines in wells are directly
attributed to substantial stresses placed on the ground-
water system due to pumpage, primarily for irrigation
and mining (Yobbi, 1983).  During 1960’s and early
1970’s, water levels declined in response to increased
pumping.  Since the mid-1970’s, the rate of water-level
decline has decreased in response to relatively constant
pumping rates.  This is primarily due to a decrease in
pumpage associated with the phosphate industry.
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Figure 9.  Water levels in wells open to the Upper Floridan aquifer, September 1989 through September 1990. (Location of 
wells (sites 2, 15, 7, and 17) are shown in fig. 5.)

Areal Ground-Water Flow

The ground-water flow system in the Lake Wales
Ridge area was defined using potentiometric- surface
maps constructed from water-level measurements
obtained in about 200 wells and lakes and by examining
the spatial, seasonal, and the historical change of
ground-water levels within the aquifers.  Semi-annual
maps were used to indicate the seasonal dry (May), sea-
sonal wet (September), potentiometric surfaces, and
annual variations in water levels.

The water table in the surficial aquifer was
mapped using (1) the data from 6 observation wells, (2)
records of 9 streams and 50 lake stages in the study
area, (3) estimated average water-table altitude based on
the relation between land-surface altitude and measured
depths to water in wells, and (4) modification of water-
table altitude at a few locations following calibration of
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a ground-water model as described in the following
section.  Data from additional Southwest Florida Water
Management District wells drilled during the project
were used to verify the relation between land-surface
altitude and measured depths to water.  The water table
was estimated to be at or a few feet below land surface
in swampy areas and at depths greater than 5 feet below
land surface for the lowlands plain and ridge areas.  The
maximum depth of the water table below land surface is
about 100 feet.

The configuration of the resulting water-table
surface is illustrated by the contour map shown in
figure 12.  Ground-water flow within the surficial aqui-
fer is predominantly local.  The aquifer is hydraulically
continuous with surface-water bodies, and ground-
water discharges from the aquifer support the dry-
weather flow of many streams in the area.  Relatively
steep gradients in the water table adjoin the major
streams, and relatively gentle gradients exist in the
broad interstream areas.  The highest water levels occur
in the northern Lake Wales Ridge area, but the water
table maintains a relatively high altitude along the
length of the ridge into Highlands County.

The water table is lower than the potentiometric
surface of the underlying confined aquifer over about an
800 mi 2 area.  In this primarily swampy area, upward
flow occurs from the underlying confined aquifer to the
surficial aquifer and streams.  Within the ridge areas the
water table is about 10 to 90 feet higher than the potenti-
ometric surface of the intermediate aquifer and the
Upper Floridan aquifer.

Figure 10.  Water levels in the Upper Floridan aquifer at the Coley well at Frostproof 1950 through 1989. (Location of well 
(site 9) is shown in fig. 5.)
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Figure 11.  Water levels in wells open to the intermediate 
aquifer and the Upper Floridan aquifer,1963 through 1989. 
(Location of wells (sites 12 and 15) are shown in fig. 5.)
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Figure 12.  Estimated water table in the surficial aquifer, September 1989.

82°00′ 81°15′45′

45′

30′

15′

28°00′

27°00′

15′

30′

Base from Southwest Florida Water Management District digital data, 1992.
Universal Transverse Mercator Projection, Zone 17.

BOUNDARY
OF MODEL AREA

50
75

100

50

50

75

75

125

10
0

12
5

10
0

125

125

10
0

75

100
150

175

10
0 125

12
5 100

15
0

150

50

125100

25

75

100

100

100

10
0

100

75 50

10
0

25

EXPLANATION

WATER-USE CAUTION
AREA

ESTIMATED WATER -TABLE CONTOUR -- 
Shows estimated altitude of water table in the surfical 
aquifer, September 1989.  Datum is sea level.  
Contour interval 25 feet.

50

SURFACE-WATER SITE
OBSERVATION WELL

0

0

5

5 10 KILOMETERS

10 MILES

75

50



Ground-Water Flow System 17

Figure 13.  Potentiometric surface of the intermediate aquifer, September 1989. 
(Modified from Knochenmus and Barr, 1990a.)
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80

APPROXIMATE NORTHERN EXTENT OF INTERMEDIATE AQUIFER

Water in the intermedi-
ate aquifer and the Upper
Floridan aquifer occurs under
confined conditions.  Figures
13 through 16 show the
potentiometric surface of the
intermediate aquifer and the
Upper Floridan aquifer in
September 1989 and May
1990.  These potentiometric-
surface maps are a represen-
tation of the hydraulic head in
the aquifers and depict the
altitude to which water will
rise in tightly cased wells that
penetrate the aquifers.  The
September maps represent
hydrologic conditions near
the end of the summer rainy
season when ground-water
withdrawals for agriculture
use are low and water levels
are at their seasonal high.
The May maps represent
hydrologic conditions near
the end of the dry season
when ground-water with-
drawals are greatest and
water levels are near their
seasonal lows.

The configuration of
the potentiometric surface of
the intermediate aquifer in
September 1989 and May
1990 indicates that ground
water flows away from the
ridge area to the east, south
and west (fig. 13 and 14).
Inflow to the study area and
ridges occurs from the north-
west.  Differences in water
levels of the intermediate
aquifer ranged from about 1
to 20 feet lower in May 1990
compared to September 1989
levels, but the general config-
uration and head gradients
did not change significantly.

The potentiometric sur-
face of the intermediate aqui-
fer is generally higher than
the water table in the surficial
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aquifer in the low-lying areas
and near several streams in the
study area.  As a result, ground
water in these areas moves
upward from the intermediate
aquifer into the surficial aqui-
fer, and in some areas, eventu-
ally discharges into the
streams.  Duerr and Enos,
(1991) reports the Peace River
gaining about 4 ft 3/s per river
mile over a 6-mile reach
upstream of Zolfo Springs.

Potentiometric-surface
maps of the Upper Floridan
aquifer for September 1989
and May 1990 provide a typi-
cal representation of the wet
and dry season water-level
conditions for the aquifer (fig-
ures 15 and 16).  Major fea-
tures of the maps are a
potentiometric-surface high in
northwestern Polk County and
a regional ground-water divide
that trends along the Lake
Wales Ridge.  The principal
directions of ground-water
flow in the Upper Floridan
aquifer are west toward the
Peace River and east toward
the Kissimmee River.  The
September 1989 and the May
1990 potentiometric-surface
configurations are uniformly
similar; however, the potentio-
metric-surface contours in
May compared to September,
shifted inland and locally
water levels are about 1 to 30
feet lower.

SIMULATION OF 
GROUND-WATER 
FLOW

The ground-water flow
system in the study area was
analyzed using a numerical
flow model.  Numerical flow
models are used to test and to
qualitatively and quantita-

Figure 14.  Potentiometric surface of the intermediate aquifer, May 1990. (Modified 
from Knochenmus, 1990a.)
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Figure 15.  Potentiometric surface of the Upper Floridan aquifer, September 1989. 
(Modified from Knochenmus and Barr, 1990 b.)
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tively improve conceptual
models.  Once calibrated the
digital model can be used to
analyze the response of an
aquifer system to past or
present ground-water with-
drawals, and possibly to pre-
dict the response of the
systems to future pumpage.

The Lake Wales Ridge
model was initially cali-
brated for the quasi-steady-
state conditions reflected by
water levels representing
September 1989 conditions.
The calibrated results were
tested by simulating transient
conditions for the periods
October 1989 through Sep-
tember 1990 and October
1988 through September
1989.  Tests also were made
to assess the sensitivity of the
model to extreme ranges in
the input parameters.  The
model was then used to sim-
ulate responses of the hydro-
logic system to various rates
of pumping.

Conceptual Description 
of the Ground-Water 
Flow System

Development of a con-
ceptual model that can inte-
grate the geology and
hydrology of the study-area
flow system is essential in
evaluating the ground-water
flow system.  Simulation
with a computer-based
model, using the physical
properties estimated from the
conceptual model, leads to
further refinements to the
understanding of the flow
system.  An established and
calibrated numerical flow
model can be used to evalu-
ate the potential impact of
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future ground-water develop-
ment.

Procedures in the con-
ceptualization include devel-
oping an understanding of the
ground-water system in terms
of external and internal
geometry (geologic frame-
work), material and fluid
parameters (transmissivity),
and character and physical
extent of the boundaries.  The
information necessary to
describe a ground-water sys-
tem are then transformed into
mathematical terms in the
numerical model.

Existing literature pro-
vided the necessary informa-
tion for the conceptual-
ization of the multiaquifer
system for this study.  The
physical boundaries of indi-
vidual aquifers and confin-
ing units are presented in
hydrogeologic maps by
Wolansky and others (1979),
Shaw and Trost (1984),
Miller (1986) and Barr
(1992).  Hydraulic character-
istics of aquifers and confin-
ing units are presented in
Tibbals (1981; 1990), Ryder
(1982; 1985) and Barcelo and
others (1990).

A highly generalized
description of the hydrogeo-
logic framework and related
ground-water flow along an
east-west section in the cen-
tral part of the study area is
shown in figure 17.  The
water table defines the upper-
most boundary of the ground-
water flow system and occurs
in the surficial aquifer
throughout the study area.
Recharge to the water table
generally occurs from rainfall
and irrigation return flow and
moves downgradient toward
local points of discharge,
such as lakes, swamps,

Figure 16.  Potentiometric surface of the Upper Floridan aquifer, May 1990. (Modified 
from Knochenmus, 1990b.)
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streams, or wells.  Other discharge from the surficial
aquifer occurs as pumpage, evaporation and transpira-
tion, and downward leakance through the upper confin-
ing unit to the intermediate aquifer.  Recharge to the
intermediate aquifer primarily occurs only as downward
leakage through the upper confining unit.  Water dis-
charges from the intermediate aquifer as base flow to
nearby streams, as diffuse leakage to the surficial aqui-
fer, downward leakance through the lower confining
unit into the Upper Floridan aquifer, or as lateral bound-
ary outflow.  In the Upper Floridan aquifer, water
moves laterally in the direction of decreasing head or

Figure 17.  Generalized conceptual model of the ground-water system showing major components and directions of 
steady-state flow.

x x
x x

x x

x

x

x x x x
xx

x x x x x x x
x x x x x

x

x x
x

xxxxxx
xx

xxxx

WEST EAST
Peace River Basin Kissimmee River Basin

Polk Upland Osceola PlainDe Soto
Plain

In
tr

a
rid

g
e

V
a

lle
y

B
o

m
b

in
g

 R
a

n
g

e
R

id
g

e

Lake Wales
Ridge

Upper

Lower

Confining

Confining

Unit

Unit

SURFICIAL AQUIFER

UPPER FLORIDAN AQUIFER

INTERMEDIATE AQUIFER

Runoff
Land Surface

Rainfall

Evapotranspiration

lateral

boundary

flow

lateral

boundary

flow

lateral

boundary

flow

lateral

boundary

flow

Upward
Vertical
Leakage

Upward
Vertical
Leakage

Downward
Vertical
Leakage

Downward Vertical
Leakage

Horizontal
Flow

Pumpage

Irrigation Return

Runoff

Horizontal Flow Horizontal Flow

Model Boundary Model Boundary

Open
Hole

Open
Hole

Well
Casing

Middle conf ining unit of Floridan aquifer system

EXPLANATION
Water table in the surfical aquifer
Potentiometric surface of the intermediate 
aquifer
Potentiometric surface of the Upper Floridan 
aquifer

Horizontal
Flow

moves upward as diffuse leakage into the intermediate
aquifer or surficial aquifer.  The rate of leakage between
aquifers is controlled by the thickness of the confining
units, the vertical hydraulic conductivity of confining
unit, and the head differences between aquifers.

Recharge to the surficial aquifer can occur
wherever the surficial sediments have an unsaturated
zone and are permeable.  This occurs in most  areas,
particularly where the water table in the surficial aquifer
is higher than the potentiometric surface of the underly-
ing aquifers (fig. 18).  In areas where the potentiometric
surfaces of the underlying aquifers are above the water
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table of the surficial aquifer,
there is the potential for water
to move upward to recharge the
surficial aquifer.  In such areas,
rainfall can still recharge the
surficial aquifer as long as the
surficial sediments are unsatur-
ated.  Recharge is highest in the
internally drained sand hill
ridges where infiltration rates
are high and water levels are
deep.  In these areas, recharge
could reach a maximum of
about 27 in/yr.  Lakes with
leaky bottoms probably con-
centrate recharge.  Recharge is
lowest in the terrace and river
valley areas where recharge is
being rejected because of a thin
unsaturated zone and an
upward vertical hydraulic gra-
dient.

The generalized concep-
tualization of the Lake Wales
Ridge ground-water flow sys-
tem is that water moves down-
ward from the surficial aquifer
to the intermediate aquifer and
the Upper Floridan aquifer in
the central area, primarily
under the ridges, with minor
amounts under the flatlands.
Ground-water then flows later-
ally away from the central area,
downgradient to discharge
areas to the west, east, and
south, and locally along val-
leys of major streams.  Finally,
upward leakage from the Upper
Floridan into the intermediate
system occurs where significant
vertical head gradient exists.  In
the valleys of major streams,
rainfall that recharges the surfi-
cial aquifer does not reach the
underlying aquifers, but is dis-
charged to streams within short
distances.

Figure 19.  Model grid used in simulation of flow system.
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Model Description, Grid 
Design and Boundaries

The numerical model code
used to analyze ground-water flow
in the study area is a three-dimen-
sional finite-difference model code
developed by McDonald and
Harbaugh (1984). The code
numerically solves a set of simul-
taneous finite-difference equa-
tions that describe ground-water
flow in the aquifer.  The equations
require that hydraulic properties,
boundaries, and stresses be
defined for the area modeled.  A
quasi-three-dimensional model
was configured as a sequence of
three horizontal layers, represent-
ing the surficial, intermediate, and
Upper Floridan aquifers, coupled
by two leakance layers used to
simulate vertical leakage through
the upper and lower confining
units.

Major assumptions made in
the model analysis are as follows:
1. The surficial aquifer, the interme-

diate aquifer and the Upper
Floridan aquifer are single
layer, isotropic media,

2. Ground-water flow in each layer is
horizontal,

3. Movement between aquifers is
vertical,

4. Horizontal flow and storage of
water in the confining units are
negligible, and

5. General head boundary condi-
tions accurately represent
hydrologic con-ditions in the
intermediate aquifer and the
Upper Floridan aquifer near,
but outside, the model-grid
boundary.
The modeled area was sub-

divided into a grid with equally
spaced nodal dimensions. The
grid dimensions are 41 rows by
86 columns.  Each grid cell repre-
sents a uniformly square mile
area.  (A cell is inactive if the
transmissivity in that cell is equal
to zero, and active where the
transmissivity is greater than
zero.)  A total of 3,526 cells per

Figure 18.  Head difference between the surficial aquifer and underlying aquifers and 
areas of upward flow, September 1989.
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layer are active (fig. 19).  The active cells are separated
into variable-head cells (head varies in time) and con-
stant-head cells (head is constant in time).  The model
contains 250 constant-head cells and 10,328 variable-
head cells.

The limits of the model area were chosen on the
basis of (1) the configuration of the potentiometric sur-
face of the Upper Floridan aquifer, and (2) the distance
away from the WUCA to receive minimal effect from
pumping stress within the WUCA.  The area within the
WUCA is 750 mi 2 while the model area is 3,526 mi2.

Boundary conditions are used to constrain the lat-
eral and vertical extent of the simulated flow system
and its variation with time.  Lateral boundaries are pre-
scribed, not simulated, and are designed to conform to
the physical and hydrologic conditions at the bound-
aries of the aquifer or aquifer systems.  Lateral bound-
ary conditions inputed to the model are shown in
figure 20.

The base of the Upper Floridan aquifer was con-
sidered impermeable and was designated as a no-flow
boundary.  The northern boundary was specified along a
flow path of the Upper Floridan aquifer, consequently,
no flow of water moves in or out of the model in this
area of the Upper Floridan aquifer.

Lateral model boundaries ideally are selected to
coincide with natural hydrologic boundaries unaffected
by pumping.  Such boundaries, however, can extend
many miles beyond the modeled area.  Accordingly, a
head-dependent flow boundary was used to simulate
flow at most of the lateral boundary cells of the interme-
diate aquifer and the Upper Floridan aquifer (fig. 20).
This boundary condition was selected because it allows
simulated heads at the boundary to change along with
corresponding changes in computed cross-boundary
flow.  The boundary condition is based on the assump-
tion that, beyond each boundary cell, a point exists
where the head will not change and that aquifer proper-
ties are uniform between this point and the model
boundary.  The use of this boundary reduces the size of
the area required for flow simulation.  This head-depen-
dent boundary was simulated using the general head
boundary (GHB) of McDonald and Harbaugh, 1984.

Data that describe the GHB condition consist of
three parameters:  the boundary head (h), the specified
head outside the model boundary head (H), and the hor-
izontal conductance (C) of aquifer media between the
model boundary and the specified point.

The equation that determines the cross-boundary
flow (Q) is:

 (1)

Because of pumping outside the western bound-
ary, heads computed using the GHB can be affected in
this part of the model area.  However, the western
boundary was designed sufficiently far away from the
WUCA to minimize errors within the WUCA.

A specified-head condition was selected to
describe the boundaries of the surficial aquifer.  Hydro-
logic events outside the model area have little effect on
the surficial aquifer at the model boundaries and errors
introduced by specified boundary heads are assumed to
be minimal.

 Major streams in the model area were repre-
sented by stream cells (head-dependent flux) within the
modeled area, as shown in figure 20.  Leakage to or
from streams in governed by "stream conductance,"
which is a function of streambed geometry and stre-
ambed hydraulic characteristics and is defined as:

k A/b (2)

where:
k is the hydraulic conductivity of streambed,

 A is the plan area of the stream within the cell, 
and,

b is the thickness of the streambed
The product of streambed conductance and the

head difference across the streambed equals the flow
through the streambed.

Lakes in the study area are considered to be "win-
dows" in the surficial aquifer through which the water
table can be observed.  In the steady-state simulation,
lakes were assumed to behave in the same way as the
surficial aquifer, and were not treated separately from
the surficial aquifer.

Hydrologic Input Parameters

Data input to the steady-state model as spatially
distributed arrays include values of starting head, trans-
missivity for the intermediate and Upper Floridan aqui-
fers, confining-unit leakance, hydraulic conductivity,
bottom altitude of the surficial aquifer, boundary heads
and boundary conductance values for the intermediate
aquifer and the Upper Floridan aquifer, pumping rates,
and stream heads and riverbed conductance values.
Input data arrays for the surficial aquifer also include
rates of specified net recharge and discharge.  Parameter
array values were estimated from available reports, but
where estimates of certain parameters were not avail-
able, representative values were selected from ranges in
published reports.Q C H h–( )=



S
im

u
latio

n
 o

f G
ro

u
n

d
-W

ater F
lo

w
25 Figure 20.  Model boundary conditions for the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer.

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

5101520253040 35 1
1

ROW NUMBERS

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

5101520253040 35 1
1

ROW NUMBERS

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

5101520253040 35 1
1

ROW NUMBERS

C
O

LU
M

N
 N

U
M

B
E

R
S

C
O

LU
M

N
 N

U
M

B
E

R
S

C
O

LU
M

N
 N

U
M

B
E

R
S

SURFICIAL AQUIFER INTERMEDIATE AQUIFER UPPER FLORIDAN AQUIFER
EXPLANATION

VERTICAL-FLOW GRID BLOCK - Intermediate aquifer is absent but block SPECIFIED-HEAD GRID BLOCK

RIVER BLOCK BOUNDARY OF WATER-USE CAUTION AREA

GENERAL HEAD-DEPENDENT FLOW GRID BLOCK
is needed by model to maintain continuity between surficial and 
Upper Floridan aquifer

Base from Southwest Florida Water Management District digital data, 1992.
Universal Transverse Mercator Projection, Zone 17.



26 Analysis and Simulation of Ground-Water Flow in the Lake Wales Ridge and Adjacent Areas of Central Florida

Initial Conditions

Heads in the surficial
aquifer were estimated from the
water-table map for September
1989, shown in figure 12.
Water-level altitudes of the
intermediate aquifer and the
Upper Floridan aquifer were
estimated from field measure-
ments of water levels in a net-
work of wells and from
potentiometric-surface maps
(figs. 13 and 15).  The head val-
ues in cells without wells were
interpolated directly using
potentiometric-surface contours
and in cells with wells, head val-
ues were taken from the mea-
surements.  Observation wells
are about 2 percent of the cells
in the Upper Floridan aquifer
and about 1 percent of the cells
of the intermediate aquifer.
Lakes with water-level mea-
surements are about 9 percent of
the cells of the surficial aquifer.

Transmissivity of Aquifers 

The hydraulic conductiv-
ity of the surficial aquifer was
assumed to be a uniform 8 ft/d
(Lee and Swancar, 1994).  The
model uses the product of this
hydraulic conductivity and the
saturated thickness of the surfi-
cial aquifer to calculate trans-
missivity.  The base of the
surficial aquifer was determined
from logs of wells and test holes
and by subtracting the thickness
of the surficial deposits defined
by Wolansky and others (1979),
Shaw and Trost (1984), and
Barr (1992) from land-surface
datum (fig. 21).  The base alti-
tudes were calculated, plotted
on a grid, and contoured.  Cell
values inputed to the model
were adjusted according to the
contours.  The average altitude

Figure 21.  Generalized altitude of the base of the surficial aquifer.
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of land surface in each grid block was estimated from
USGS 1:24,000 topographic maps.

The starting transmissivity arrays input for the
intermediate aquifer and the Upper Floridan aquifer
were derived from the Regional Aquifer System Analy-
sis (RASA) models of Ryder (1985) and Tibbals (1990).
The transmissivity arrays for the intermediate and
Upper Floridan aquifers differ somewhat from those of
the RASA models due to finer discretization, different
grid orientation, and the incorporation of new field test
data obtained after completion of the RASA models
(Barcelo and others, 1990).  

Leakance of Confining Units

The vertical resistance to ground-water flow was
simulated in the model with a leakance term.  Leakance
is used in the model to simulate vertical flow between
model layers.  Initial values of leakance in this model
were obtained from Ryder (1985).  These values were
adjusted, however, through calibration.  A great spatial
variation in leakance is expected because of the discon-
tinuity and highly variable hydraulic characteristics of
the confining unit media.

The absence of the intermediate aquifer is simu-
lated by assigning a very high leakance value (50 ft/d/ft)
to the upper confining unit and a very low transmissiv-
ity value (1 ft 2/d) to the aquifer.  This value assignment
allows the lateral flow in the area to be negligible and
all flow to be in the vertical direction, controlled by the
vertical hydraulic properties of the lower confining
units.

Lateral Boundary Flow

The steady-state lateral boundary conditions for
the intermediate and Upper Floridan aquifers in the
modeled area were first simulated as a specified-head.
This was designed to simulate the regional flow rates to
and from each specified-head cell.  Once calibration
was achieved the calculated  flow rate (Q) and the spec-
ified head (HB) in each boundary cell was assigned a
controlling boundary source head (h). Initial boundary
source heads were chosen along flow paths 6 to 10
miles beyond the model boundary and were interpolated
from the September 1989 potentiometric-surface maps
of the intermediate aquifer and the Upper Floridan aqui-
fer (Knochenmus and Barr, 1990a; 1990b).  By using
equation 1, a conductance term for each specified-head
cell was calculated.  After the conductance term was
calculated, the specified-head boundary condition in the
intermediate and Upper Floridan aquifers was con-
verted to a general-head boundary condition.  A proof
run of the model was made to test whether simulated

boundary heads (HB) and flow rates (Q) matched those
of the previous calibration run, which was employed for
this constant-head boundary condition.

Net Recharge and Discharge

Rates of net recharge to and discharge from the
surficial aquifer were unknown prior to model calibra-
tion and were model generated.  Initial estimates of
these values were generated using the September 1989
water-table head distribution and the aquifer properties
calibrated for the steady-state model (discussed in the
next section).  This simulation first treated the surficial
aquifer as a specified-head boundary and the steady-
state leakage across the confining units to or from the
surficial aquifer was determined for each cell by the
model.  Once this first, preliminary calibration was
achieved, the cell values of leakage were then inputed to
the surficial aquifer as a net recharge/discharge array
and the specified-head boundary in the surficial aquifer
was converted to a free-surface boundary for the final
calibration.  This net recharge/discharge represents
water that moves upward or downward as leakage
across the upper confining unit.  In setting net
recharge/discharge in this manner, recharge is defined
so as to exclude water lost to evapotranspiration.

Stream Leakage

The effects of several streams (Peace River and
tributaries, Joshua Creek, Prairie Creek, Arbuckle
Creek, and Josephine Creek) were simulated in the
model.  Streams were assumed to be hydraulically con-
nected to the surficial aquifer through leaky streambeds.
Connection between the streams and the surficial aqui-
fer depends on the streambed conductance and the
hydraulic gradient between the stream or stream bottom
and the aquifer.

The rate and direction of flow through the stre-
ambed is given by:

(3)

where:
Q is the flow rate between the stream and aqui-

fer,
k is the hydraulic conductivity of the stre-

ambed,
l is the length of the stream,

w is the width of the stream,
b is the thickness of the streambed,
H is the head in the stream, and,
h is the head in the aquifer.

Q
klw

b
--------- H h–( )=
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For modeling purposes each stream was divided
into reaches, each of which is contained in a single cell.
A streambed k/b of 0.1 d - 1, a relatively high value, was
used for all stream cells.  Widths of stream reaches were
derived from measurement notes for discharge mea-
surements at gaging stations and from 7.5 minute topo-
graphic maps.  Lengths of individual stream reaches
were measured from 7.5 minute topographic maps with
the model grid superimposed.  These lengths are unique
to this model discretization.  Stage for each stream cell
was estimated from stream-gage data and from
7.5 minute topographic maps.  Bottom altitudes of
streams were arbitrarily set at 3 feet below river stages
along all stream reaches.

Steady-State Simulation

The steady-state simulation had two primary pur-
poses.  The first was to calibrate the model to a selected
equilibrium hydrologic condition in which the stress
and response characteristics of the system are well doc-
umented.  The second was to provide the steady-state
simulation needed as the initial conditions for subse-
quent transient-state simulation.

The conventional approach for steady-state cali-
bration is to use long-term average heads and stresses
for definition of model parameters.  Such conditions for
the study area are highly uncertain because the distribu-
tion and rates of ground-water withdrawals for agricul-
tural use generally are unknown.  Therefore, for this
study, steady-state conditions were defined by condi-
tions at the end of the rainy season when pumpage for
agricultural use is zero and water-level hydrographs
showed little regional change in head.  September 1989
was considered a suitable period for assuming steady-
state conditions for several reasons:

1.  Principal stresses during this time were withdraw-
als from industrial and municipal supply wells, 
which are known within reasonable accuracy.  
Pumping rates for these users vary during the 
year, but variations generally are too small to 
have much affect on the regional fluctuation of 
the potentiometric surface.

2.  The relatively short time it takes the system to
reach equilibrium following initiation or cessa-
tion of pumping.  Evidence of this is seen in the
response of water levels in December 1989 in
the intermediate and Upper Floridan aquifers to
large increases in pumpage for freeze protec-
tion.  For the 3-day pumping period, in Decem-
ber 1989, there was a 14- to 21-day period of

drawdown and recovery to previous levels
(fig. 9). 

3.  The seasonal May to June decline from about
500 Mgal/d to 300 Mgal/d pumpage.  Bush and
Johnston (1988), simulated drawdown versus
time and showed that at a given pumping rate,
steady state is nearly reached in about 120 days
in the Upper Floridan aquifer in Polk County
with a storage coefficient of 1.2 x 10 - 3 or about
20 days with a storage coefficient of 1.2 x 10 - 4.

4.  Well hydrographs that show a flattening of water
levels in August to early September 1989 in
most recorder wells.

5.  The small range of fluctuation for the past 10
years for September water levels in the surficial,
intermediate, and Upper Floridan aquifers.
In summary, it seems likely that steady-state con-

ditions are reached in a relatively short time (few
months), and that there was adequate time from May to
September 1989 for this to occur.

Calibration Procedure and Results

The calibration of a numerical model of ground-
water flow is a subjective process because the data upon
which a model is based usually contain some errors of
measurement, the model may be based on possible con-
ceptual errors, and the results of the model calibration
may not be a unique solution to the ground-water flow
equations.  Calibration of the digital flow model for this
study involved adjusting hydrologic properties within
reasonable ranges until the model closely approximated
observed field conditions (aquifer heads and river dis-
charge) within acceptable limits of error.  Success of the
calibration was evaluated through comparisons between
the simulated and measured heads at selected observa-
tion wells and lakes, and simulated and measured river
discharge.

The calibration procedure began by comparing
the model output to observed field conditions to deter-
mine the reasonableness of the hydrologic properties.
The model was tested to determine its sensitivity to
changes in hydrologic properties and input data were
varied to achieve a better fit to known conditions.
Adjustments were made to least known and most sensi-
tive model parameters.

The steady-state model was calibrated by adjust-
ing altitudes of the water table and of the base of the
surficial aquifer, streambed conductances, intermediate
and Upper Floridan aquifer transmissivities, leakance of
the confining units, and net recharge and discharge
rates.
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Figure 22.  Calibrated transmissivity array of the intermediate aquifer and 
locations of selected aquifer test sites.
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Calibration was done in
three phases.  In the first phase, the
water table in the surficial aquifer
and boundary heads in the interme-
diate and Upper Floridan aquifers
were held constant (the head was
assumed correct), while one set of
hydraulic values was adjusted at a
time.  Recharge to the surficial
aquifer, considered to be derived
from rainfall, was equal to the
model-computed leakage rate
across the upper confining unit.  In
the second phase, the water-table
was activated and net recharge/dis-
charge array (determined in phase
one), river simulation cells, and
GHB cells were added to the
model simulation.  Repeated
adjustments were made to each of
the sets of data during the first and
second phases.  The third and final
phase of the steady-state calibra-
tion was done while simulating the
12-month transient period from
October 1989 through September
1990 (discussed in the next sec-
tion).  Adjustments to leakance
values of the upper confining unit
and the bottom altitudes of the
surficial aquifer were made.

Water-table altitudes were
not varied much from the initial
values derived from observed and
estimated data.  In the calibrated
model, water-table altitudes were
checked to ensure they were below
land surface and they agreed with
observed stream stages and lake
levels.  The base of the surficial
aquifer was lowered slightly in
select grid blocks to prevent the
cells from dewatering.  Riverbed
conductance values were adjusted
to provide a reasonable match
between simulated and measured
river discharges.

Transmissivity values for
the intermediate and Upper Flori-
dan aquifers (figs. 22 and 23) were
not varied significantly from the
initial values specified in RASA
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models.  Changes in values of
transmissivity generally did not
affect the model as much as lea-
kance; however, changes in
transmissivity were effective in
achieving a more accurate simu-
lation of localized variation in
the potentiometric surface.  Sim-
ulation indicates that transmis-
sivity is high throughout most of
the model area with the excep-
tion of the Lake Wales Ridge
area (figure 23).  Transmissivi-
ties in the Lake Wales Ridge area
are influenced by the presence of
sand-filled solution features
associated with cavities and sinks
developed in the limestone units
of the Upper Floridan aquifer.

The transmissivity of the
Upper Floridan aquifer varies
throughout the model area.  A
comparison of field values of
transmissivity derived from aqui-
fer tests and transmissivity val-
ues obtained in the model
development and calibration is
shown in figure 23.  The average
model derived transmissivity val-
ues for the Upper Floridan is
about 130,000 ft2/d and ranges
from 12,000 to 400,000 ft2/d.
Transmissivity is highest west
and southeast of the Lake Wales
Ridge and is lowest in the north.
Generally, the model-derived
transmissivities are higher than
those obtained from aquifer tests.
This is mainly because the wells
used in the aquifer tests generally
tap less than the full thickness of
the Upper Floridan aquifer.  Such
partial penetration plus the
highly heterogeneous and aniso-
tropic nature of the cavernous
limestone aquifer system make
the application of standard meth-
ods of aquifer test analysis uncer-
tain and the results questionable
(Tibbals, 1990).

The relation between
transmissivity of the Upper

Figure 23.  Calibrated transmissivity array of the Upper Floridan aquifer and 
locations of selected aquifer test sites.
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Floridan aquifer, based on model simulations and trans-
missivity of the Upper Floridan aquifer derived from
aquifer tests or estimated from specific capacity data, is
shown in figure 24.  Transmissivity values from aquifer
tests and from specific capacity tests plot reasonably
close to the line of equality.  The average of transmis-
sivities derived from aquifer tests and of those derived
from model simulations are different by about
31,000 ft2/d.  The standard deviation of differences is
about 38,000 ft2/d.  Some scatter is expected because a
model-derived value represents an average transmissiv-
ity over 1 mi 2 in the model simulation, whereas trans-

Figure 24.  Relation between calibrated transmissivity values and corresponding values calculated from aquifer tests or 
specific capacity tests.
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missivity determined from an aquifer test or estimated
from specific capacity data is a point value that repre-
sents the aquifer in a smaller area.  Generally, the aqui-
fer test values for transmissivity of the Upper Floridan
aquifer are within ranges of values determined by com-
puter simulation.

Confining-unit leakance of both units were con-
sidered the most uncertain parameters and were
adjusted the most.  A check was conducted after each
confining-unit leakance adjustment to ensure values
were not unrealistic and that simulated leakage rates
were in general agreement with estimated values of net
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recharge and discharge.  Confin-
ing-unit leakance of both units,
in general, were increased during
the calibration process.  Lea-
kance values of the upper and
lower confining units range from
1.0 x 10- 6 to 1.0 x 10- 3 (ft/d)ft
(figs. 25 and 26).  The highest
values occur in areas where
aquifer recharge are highest and
where confining beds are rela-
tively thin or permeable.  The
lowest confining-unit leakance
occurs along the flanks of the
ridge where karst features are less
numerous, where recharge rates
are low, and where confining
units are relatively thick or have
low permeability. 

Finally, net recharge and
discharge rates were adjusted to
produce a more accurate simula-
tion of the localized variation in
the water table and base flow to
streams.  Figure 27 shows the
final areal distribution of net
recharge to and net discharge
from the surficial aquifer.  Simu-
lation indicates that the distribu-
tion of recharge to the surficial
aquifer is not uniform over the
study area and is highest in areas
of higher altitude.  Recharge
rates are highest on the Lake
Wales Ridge and adjacent ridge
areas.  Throughout this area, the
land surface altitude is mostly
greater than 100 feet.  The
ridges, which are karst areas,
have little or no surface drainage
and thus most of the water that
enters the surficial aquifer
moves quickly downward,
recharging the intermediate or
Upper Floridan aquifers.  By
contrast, in the areas of relatively
low land-surface altitude, such
as the De Soto Plain, Osceola
Plain, and along the river val-
leys, low or rejected recharge to
the surficial aquifer occurs
because the unsaturated surficial

Figure 25.  Calibrated leakance array of the upper confining unit of the intermediate 
aquifer.
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Figure 26.  Calibrated leakance array of the lower confining unit of the intermediate 
aquifer.
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sediments are thin and the sedi-
ments between the surficial
aquifer and underlying confined
aquifers are thick and have low
permeability.

An important part of the
modeling involved the relation
between hydraulic conductivity
in the surficial aquifer and net
recharge rates to the surficial
aquifer in the Lake Wales-Polk
Upland area and adjacent stream
valley areas.  In the high upland
relief areas, hydraulic conductiv-
ity values of more than 8 ft/d
required the specification of
unacceptably high net recharge
rates to obtain a relatively good
head match.  A better head
match was obtained using a
hydraulic conductivity of 1 ft/d,
however, 8 ft/d was chosen
because it is in keeping with the
generally accepted values of
hydraulic conductivity in the
area.  In areas adjacent to
streams, hydraulic conductivi-
ties of less than 8 ft/d required
unacceptably low recharge val-
ues to obtain a relatively good
head and stream flow match.  A
better stream flow match was
obtained using hydraulic con-
ductivities greater than 8 ft/d. 

Model performance was
evaluated both objectively and
subjectively.  A statistical analy-
sis between simulated and mea-
sured head values and simulated
and head values interpolated
from water-level-surface maps
were used for the objective anal-
ysis.  Inspection of the distribu-
tion of errors of head, flow
distribution, and flux quantity
was used to subjectively analyze
model performance.

Calibration of the model
was considered to be achieved
when, on the average:
1. Simulated heads were within 

2 feet of measured well or 
lake-level heads for the surfi-
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Figure 27.  Simulated rates of net recharge to and net discharge from the surficial 
aquifer, September 1989.
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cial aquifer, and within 5 feet 
of measured well heads for 
the intermediate and Upper 
Floridan aquifers.

2. Simulated heads were within
5 feet of interpolated heads
described by the water-table
contour map, and within
10 feet of heads interpolated
from potentiometric-surface
maps of the intermediate and
Upper Floridan aquifers.

Assuming the head differ-
ence is a normal distribution
function, then the described cali-
bration criteria would ensure that
68 percent of the simulated heads
would be within 2 feet of the
measured heads described for the
surficial aquifer and within 5 feet
of the measured heads described
for the intermediate and Upper
Floridan aquifer.

 Although flux distribution
within a particular source (river,
underlying aquifers, or from con-
fining units) was evaluated dur-
ing calibration, this subjective
criteria was mainly used to spot
gross input errors. The quantity
of flux from rivers was used only
as a qualitative check on the
plausibility of results.

Maps showing points
where water levels were mea-
sured at individual wells or lakes
and the distribution of water-level
residuals (observed minus simu-
lated heads) over the model area
are shown in figures 28, 29, and
30. A statistical summary of the
difference between observed and
simulated heads is presented in
table 3. The difference between
the observed and the simulated
heads for each observation are
called residuals. A negative resid-
ual indicates that the simulated
head is higher than the observed
head, and a positive residual indi-
cates that the simulated head is
lower than the observed head.
The residuals were analyzed for
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Figure 28.  Locations of water-level measurements, values of water-level residuals, 
and areal distribution of water-level residuals for the surficial aquifer, September 
1989.
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50 observations of the surficial
aquifer, 39 observations for the
intermediate aquifer, and 72 obser-
vations for the Upper Floridan
aquifer.  In cases where lakes
occupy more than one cell, the
simulated head was an arithmetic
average for all the cells represent-
ing the lakes.  Based on the obser-
vations in September 1989, the
standard deviation about the 0.0
mean of the residuals for the surfi-
cial aquifer was 1.6 feet. This indi-
cates that the model-simulated
heads for the surficial aquifer
match the observed heads within a
range of 1.6 feet above to 1.6 feet
below at about 68 percent of the
observations. 

Similarly, the model-simu-
lated heads for the intermediate
aquifer matched the observed
heads at about 68 percent of the
observations within a range of
6.3 feet above to 2.9 feet below,
based on a standard deviation of
4.6 feet about a residual mean of
-1.7 feet. The model-simulated
heads for the Upper Floridan aqui-
fer matched the observed heads at
68 percent of the observations
within a range of 3.6 feet above to
1.2 feet below, based on a stan-
dard deviation of 2.4 feet, about a
residual mean of -1.2 feet. This
was within the assumed calibra-
tion limits, which required 68 per-
cent of all simulated heads to be
within ±5 feet of heads derived
from measured water levels. The
high correlation coefficients indi-
cate a strong positive association
between observed and model-sim-
ulated heads in each aquifer
(table 3).  

The results of the model
calibration also were assessed by
comparing the magnitude and
distribution of residuals for all
10,000 variable head cells
(table 3). Areas where the interme-
diate aquifer is absent, (rows 1 -41



36 Analysis and Simulation of Ground-Water Flow in the Lake Wales Ridge and Adjacent Areas of Central Florida

and columns 1-8), simulation
residuals were not used in the sta-
tistical analysis. The average sim-
ulation residual and the standard
deviation of the residual were
computed to be -0.2 and 1.7 feet,
respectively for the surficial aqui-
fer, -1.1 and 3.2 feet, respectively
for the intermediate aquifer, and
-1.1 and 3.2 feet, respectively for
the Upper Floridan aquifer. These
residuals were within the estab-
lished calibration criteria that
require 68 percent of all simulated
heads to be within ±5 feet of surf-
icial aquifer heads and ±10 feet of
the intermediate and Upper Flori-
dan heads derived from water-
level surface contour maps. 

The distribution of water-
level residuals over the model
area is shown in figures 28, 29,
and 30.  Figure 28 shows that the
distribution of signs and magni-
tude of values were nearly ran-
dom for the surficial aquifer.
Most of the larger differences
between the observed and simu-
lated heads occur in areas with
large differences in head between
the surficial and intermediate
aquifers. For the intermediate and
Upper Floridan aquifers, fig-
ures 29 and 30 generally show
several areas with consistently
high positive or negative residu-
als. These areas roughly corre-
spond to the Polk Uplands, the
Bombing Range Ridge, and a
northern and southern portion of
the Lake Wales Ridge. The diffi-
culty in obtaining a good match
between simulated and measured
heads is due in part to major
changes in aquifer properties over
short distances. This precludes
simulation of small-scale local
variations in head, especially
where head gradients are steep.
Reasonable changes to hydro-
logic parameters were unable to
affect the residuals so that they
would be randomly distributed.

Figure 29.  Locations of water-level measurements, values of water-level residuals, 
and areal distribution of water-level residuals for the intermediate aquifer, September 
1989.

0

-7

7

1
-2

-5

-9
-2

-6
-5

-7

-3
-3

-9

-4

6 -3

-4 -6
-3

-4

-2

-3

2
-2

-4
-2

-2

1

2

4

-3

-4

9

-6

-6

6

APPROXIMATE NORTHERN EXTENT 
OF INTERMEDIATE AQUIFER

0

0

5

5 10 KILOMETERS

10 MILES5

5 10 KILOMETERS

10 MILES

82°00′

15′

28°00′

27°00′

81°15′45′

45′

30′

15′

30′

Base from Southwest Florida Water Management District digital data, 1992.
Universal Transverse Mercator Projection, Zone 17.

BOUNDARY
OF MODEL AREA

EXPLANATIONEXPLANATION

More than 5 Less than -50 to -50 to 5
0

WATER-LEVEL RESIDUAL - Measured value minus 
simulated value, in feet.  Positive value represents 
drawdown.  Negative value represents buildup.

OBSERVATION WELL - Number indicates water-level 
residual, in feet.

BOUNDARY OF
WATER-USE CAUTION

AREA



Simulation of Ground-Water Flow 37

Figure 30.  Locations of water-level measurements, values of water-level residuals, 
and areal distribution of water-level residuals for the Upper Floridan aquifer, 
September 1989.
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The flow model also was
used to simulate ground-water
discharge to streams.  Ground-
water discharge to streams was
simulated as about 67 ft3/s for
the September 1989 conditions
(table 4).  Base runoff, deter-
mined by the streams’ 90 percent
flow duration, was estimated as
about 204 ft3/s.  The simulated
discharge compares poorly with
the estimated discharge. This
discrepancy could be due to
factors that are unrepresentative
of the basin affecting the base
flows.  For instance, the dis-
charge of Peace River is inflated
due to large volumes of treated
domestic and industrial dis-
charge that originates as ground
water pumped from the Upper
Floridan aquifer. About 85 facil-
ities have permits from the
Department of Environmental
Regulations to discharge domes-
tic and industrial effluent to the
Peace River and its tributaries
(Hammett, 1990).  The com-
bined design capacity for all
domestic discharges is about
200 Mgal/d (30.9 ft3/s) and dis-
charges of 10 to 15 Mgal/d at a
single plant are quite common
(Hammett, 1990).  The number
and magnitude of discharges
represent a potentially signifi-
cant augmentation of river flow.

Similarly, the discharge of
several other streams in the
modeled area also may not rep-
resent natural conditions.
Joshua, Prairie, and Hawthorn
Creeks carry water that origi-
nates from flowing wells, while
discharge for several streams in
the Kissimmee River Basin has
been affected by flow control
structures.
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The small calculated base flow also may be the
result of the scale of the model. Winter (1976) investi-
gated the interaction of lakes and ground water. In his
study, the ground-water flow system was divided into a
local flow system, an intermediate flow system, and a
regional flow system.  In the local flow system,
recharge travels through the aquifer to be discharged
into the adjacent lake; in the intermediate flow system,
recharge travels to a nearby lake. If these results are
applicable to this study, the base flow simulated in the
model is only the intermediate or regional component of
base flow.  The estimated base flow contains the local
and intermediate flow-system components as well as
the regional flow components. The relative magnitude
of each of these components are unknown. Hence,

Table 4.  Observed verses model-computed steady-state 
base flows for the Lake Wales Ridge area, Florida, 
September 1989

[values are in cubic feet per second]

Gaging station name
Estimated 1990 
water-year base 

flow

Net model-
computed 

steady-state 
base flows

Peace River at Arcadia 
(row 41 column 71)

114.0 35.9

Joshua Creek at Nocatee 
(row 41 column 75)

11.1 4.0

Prarie Creek near Ft. Ogden 
(row 36 column 83)

12.2 2.7

Arbuckle Creek near De Soto 
City (row 30 column 61)

57.0 17.8

Josephine Creek near DeSoto 
City (row 36 column 55)

9.4 6.2

Total 203.7 66.6

drawing conclusions about the differences between esti-
mated base flow and the base flow simulated by the
model is difficult, except that the simulated regional
base flow should be less than the total estimated base
flow.  The degree of the difference between simulated
and estimated base flow is dependent on the scale of the
model.

Simulated Water Budget

The simulated water budget of the model area for
September 1989 steady-state conditions is shown in
figure 31. The water budget also includes the rates of
leakage between adjacent aquifers.

Model results indicate that under September 1989
steady-state conditions, net recharge to the surficial
aquifer from rainfall was about 462.7 Mgal/d.  Another
16.1 Mgal/d flowed into the aquifer system across lat-
eral boundaries.

The total inflow of 478.8 Mgal/d was balanced
by an equal quantity of outflow.  This outflow consisted
of flow across model boundaries, pumpage, discharge
to rivers, and upward diffuse seepage from the surficial
aquifer to wetlands.

Total discharge across model boundaries is simu-
lated as about 234 Mgal/d. Discharge from the Upper
Floridan aquifer by lateral boundaries is about
223 Mgal/d (47 percent) and occurs chiefly along the
western boundary.

About 126 Mgal/d (26 percent) of ground-water
discharge was pumpage from the surficial, intermediate,
and Upper Floridan aquifers. The model simulated
about 67 Mgal/d (14 percent) ground-water contribu-
tions to rivers and about 51 Mgal/d (11 percent) diffuse
upward seepage to wetlands. 

Table 3.  Statistical summary of differences between model-computed heads and observed water levels for the surficial 
aquifer, intermediate aquifer, and Upper Floridan aquifer in the Lake Wales Ridge area, Florida, September 1989 steady-state 
conditions

Number of
observations

Maximum range
in residuals

(feet)

Arithmetic
mean of

residuals
(feet)

Absolute
mean of

residuals
(feet)

Standard
deviation of

residuals
(feet)

Coefficient
of determination

Individual wells

Surficial aquifer 50 -3.0 to 3.6 0.0 1.3 1.6 0.9966 
Intermediate aquifer 39 -9.4 to 8.9 -1.7 4.2 4.6 0.9512
Upper Floridan aquifer 72 -9.4 to 5.7 -1.2 1.7 2.4 0.9901

Entire grid

Surficial aquifer 3,276 -8.0 to 7.4 -0.2 1.2 1.7 0.9969
Intermediate aquifer 3,198 -12.7 to 13.4 -1.1 2.4 3.2 0.9766
Upper Floridan aquifer 3,526 -12.2 to 12.2 -1.1 2.3 3.2 0.9768
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Upper Floridan from the intermediate aquifer system
was simulated at a rate of about 367 Mgal/d.

During September 1989, leakage across the upper
confining unit is simulated predominately downward in
ridge and upland areas, and upward in the lowlying
lands paralleling east of the Lake Wales Ridge area, as
well as upward along the lowlands of the Peace River
and Charlie Creek.  Upward flow areas also include
most of the southwestern corner of the model area.

Downward leakage was a major component of
the water budget of the intermediate and Upper Floridan
aquifers.  Leakage into the intermediate aquifer from
the surficial aquifer was simulated at about 378 Mgal/d.
The amount of downward leakage (representing the
amount of natural recharge within the model area) is
equivalent to about 2.3 in/yr of water over the model
area.  This recharge rate is comparable with those deter-
mined in other studies (Geraghty and Miller, 1980 and
Wilson and Gerhart, 1980).  Downward leakage into the

Figure 31.  Simulated water budget of the aquifer system in the model area, September 1989.
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Sensitivity Analysis

A sensitivity analysis was performed to evaluate
the response of the steady-state model to a range of
hydrologic parameters and to identify the hydrologic
variables to which the model is most sensitive.  The sen-
sitivity analysis consisted of uniformly increasing or

Figure 32.  Sensitivity of calibrated steady-state model to variations in various input parameters on the 
absolute value of mean residual head for the surficial, intermediate, and Upper Floridan aquifers.

0

18

0

2

4

6

8

10

12

14

16

A
B

S
O

LU
TE

 V
A

LU
E

 O
F

 M
E

A
N

 R
E

S
ID

U
A

L 
H

E
A

D
, I

N
 F

E
E

T

-100 100-100 0

CHANGE FROM CALIBRATED VALUE, IN PERCENT

EXPLANATION
Tfl

Tint

Ksur

0

18

0

2

4

6

8

10

12

14

16

-100 100-100 0

EXPLANATION
Kb1
Kb2

RvCond

0

18

0

2

4

6

8

10

12

14

16

100-100 0

EXPLANATION
Cond
Pumpage

Qre

0

18

0

2

4

6

8

10

12

14

16

-100 100-100 0

EXPLANATION
Tfl

Tint

Ksur

0

18

0

2

4

6

8

10

12

14

16

-100 100-100 0

EXPLANATION
Kb1

Kb2

RvCond

0

18

0

5

10

15

-100 100-100 0

EXPLANATION
Cond

Pumpage

Qre

0

18

0

2

4

6

8

10

12

14

16

-100 100-100 0

EXPLANATION
Tfl

Tint

Ksur

0

18

0

2

4

6

8

10

12

14

16

-100 100-100 0

EXPLANATION
Kb1

Kb2

RvCond

SURFICIAL AQUIFER

INTERMEDIATE AQUIFER

UPPER FLORIDAN AQUIFER

Tfl=transmissivity of Upper Floridan aquifer
Tint=transmissivity of intermediate aquifer

Ksur=hydraulic conductivity of surficial aquifer

Kb1=vertical hydraulic conductivity of 
upper confining unit

Kb2=vertical hydraulic conductivity 
of lower confining unit

RvCond=hydraulic conductivity of riverbed

Cond=horizontal boundary conductance

Qre=net recharge/discharge

0

18

0

2

4

6

8

10

12

14

16

-100 100-100 0

Cond

Pumpage

Qre

EXPLANATION

decreasing values of one model input parameter while
others remained at calibration levels, then noting the
change in water levels as a result of the change.

Transmissivity of the intermediate and Upper
Floridan aquifers, hydraulic conductivity of the surficial
aquifer, vertical conductivity of the confining units, net



Simulation of Ground-Water Flow 41

The results of the sensitivity analysis for the
steady-state period model are shown in figures 32 and
33.  The effect of the change in the parameter or stress
was measured through the change in absolute value of
the mean residual head or as a change in the total base
flow for rivers, or as a change in lateral boundary flow.

recharge/discharge rates, pumpage, and riverbed and
lateral boundary conductances were increased and
decreased by 50 percent, with the exception of net
recharge/discharge rates, which was increased and
decreased by 10 percent.  Parameter changes were
applied uniformly across the entire model area.

Figure 33.  Sensitivity of calibrated steady-state model to variations in various input parameters on base flow 
and lateral boundary flow.
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The sensitivity analysis showed that simulated heads
are generally more sensitive to decreases in parameter
values than to increases in the tested values.  The model
calibration is very sensitive to changes in transmissivity
of the Upper Floridan aquifer, net recharge/discharge,
and pumpage.  The model calibration is comparatively
insensitive to changes in transmissivity  of the interme-
diate aquifer, hydraulic conductivity of the surficial
aquifer, and river-bed conductances.  

The sensitivity of the simulated base flow to riv-
ers and of the simulated flow to lateral head-dependent
boundaries to variations in various input parameters
also was tested.  Simulated base flows were most sensi-
tive to changes in net recharge/discharge and transmis-
sivity of the Upper Floridan aquifer, particularly, higher
values of net recharge/discharge.  Simulated flow to lat-
eral head-dependent flow boundaries was most sensi-
tive to changes in net recharge/discharge and pumpage.
The model is very insensitive to changes in transmissiv-
ities of the intermediate aquifer and riverbed conduc-
tance.

In addition to the above mentioned hydrologic
parameters, specified source heads for hydrologic units
outside the model boundary were increased and
decreased by 5 feet.  In both cases, the model was rela-
tively insensitive to these boundary changes.  The larg-
est absolute value of the mean residual was 2.5 feet in
the surficial aquifer when the source heads were either
increased or decreased.  This compares to the mean
residual of 1.0 ft at calibration.

Initial Transient Simulation 

The objective of the simulation was to evaluate
the ability of the model to simulate the transient effects
of agricultural, municipal, and industrial pumpage on
lake and ground-water levels.  The time period simu-
lated was October 1989 through 1990, a rather short
period, but one in which the ground-water system expe-
rienced a significant stress from agricultural pumping.
This time period was selected because detailed data
were available on water levels and monthly water use.
The 1989-90 flow conditions also were  used as an inde-
pendent check of the steady-state calibration resulting in
some further adjustments to the input parameters of the
model.  The simulation was divided into 12 monthly
stress periods.  The heads simulated for May 1990 and
September 1990 were compared to observed water lev-
els for individual wells and lakes.

An ideal test of the applicability of the model
would be to run the model through a series of year-long
simulation periods that, collectively, would span the

length of the observed record of water levels.  However,
data on the spatial distribution of pumping are poor and
long-term pumping records for irrigation are too sparse
to consider this approach.  Thus, the transient model
was calibrated over a shorter-time period when the
amounts and areal distribution of pumping are better
known.

Calibration and Results

Initial conditions for the model were the same as
for the calibrated steady-state model with the exception
of storage characteristics of the aquifers, pumpage
arrays, boundary source heads, stream heads, and
monthly rates of recharge and potential ET.  Average
head values for stream stages in the simulation were
assumed to remain constant through the simulation
period.  This assumption is valid over annual conditions
because storage in the stream is minimal and water lev-
els return to base flow quickly.  Appropriate monthly
variations in pumping rates, rates of recharge and poten-
tial ET and boundary source heads, were input to the
model to accommodate changing conditions from Octo-
ber 1989 through September 1990 (tables 5 and 6).  The
equilibrium conditions simulated during the steady-
state calibration were used as the initial conditions for
this transient simulation, therefore, simulated changes
were assumed to result from changes in model input,
not from non-equilibrium initial conditions.

A change from the basic calibration model was
the method used to calculate recharge to the surficial
aquifer.  Recharge to the water table was calculated for
each month using a simple water-budget approach,
rather than using the model-computed leakage rate
derived in the steady-state simulation.  The basis for
estimating recharge over the model area were actual
measurements of rainfall, pan evaporation, and surface
runoff.  An assumption is made that recharge is derived
from rainfall and rainfall is areally uniform over the
model area.  Recharge was estimated by the following
equation:  

QRE = P - OF - ET (4)

where: 

QRE is the rate of ground-water recharge, in 
inches per month;

P is the average rainfall, in inches per month;

 OF is overland flow, in inches per month;

ET is minimum evapotranspiration, in inches 
per month.
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Table 5.  Monthly hydrologic data for the Lake Wales Ridge area, Florida, transient-model calibration periods

[ET, evapotranspiration]

Month
Rainfall
(inches)

Surface
runoff

(inches)

Pan
evapo-
ration

(inches)

Pan
coefficient

Maximum1

evapotrans-
piration
(inches)

1maximum ET = (monthly pan evaporation x pan coefficient)

Minimum
evapotrans-

piration
(inches)

Potential2

evapotranspiration 
from the water table

(inches)

2potential ET = (maximum ET - minimum ET)

Recharge3

(inches)

3recharge = rainfall - (surface runoff + minimum ET)

Initial calibration period

1989
 October 1.5 0.5 5.9 0.74 4.4 2.2 2.2 0.0
 November 2.2 .0 4.5 .72 3.2 1.7 1.5 .5
 December 3.9 .1 3.5 .70 2.5 1.3 1.2 2.5

1990
 January .4 .1 4.2 .70 2.9 1.6 1.3 .0
 February 3.4 .1 5.4 .77 4.2 1.8 2.4 1.5
 March 1.7 .1 7.6 .72 5.5 2.3 3.2 .0
 April 2.0 .1 8.0 .74 5.9 2.8 3.1 .0
 May 3.0 .0 9.4 .72 6.8 4.0 2.8 .0
 June 5.9 .2 8.8 .76 6.7 3.1 3.6 2.6
 July 8.6 .3 7.6 .75 5.7 3.3 2.4 5.0
 August 8.2 .7 8.4 .76 6.4 3.1 3.3 4.4
 September 3.6 .1 7.5 .75 5.6 2.7 2.9 .7

 
Total 44.4 2.3 80.8 59.8 29.9 29.9 17.2

Final calibration period

1988
 October 1.2 .2 6.4 .74 4.8 2.4 2.4 .0
 November 5.7 .3 4.3 .72 3.1 1.6 1.5 3.8
 December 1.4 .2 3.6 .70 2.5 1.2 1.3 .0

1989
 January 2.9 .2 4.2 .70 2.9 1.4 1.5 1.3
 February .5 .1 5.1 .77 3.9 2.0 1.9 .0
 March 2.4 .2 6.5 .72 4.7 2.4 2.3 .0
 April 2.6 .1 8.0 .74 5.9 3.0 2.9 .0
 May 1.5 .0 10.3 .72 7.4 3.7 3.7 .0
 June 7.3 .1 8.4 .76 6.4 3.2 3.2 4.0
 July 7.1 .3 8.8 .75 6.6 3.3 3.3 3.5
 August 5.7 .6 8.5 .76 6.5 3.2 3.3 2.9
 September 6.6 .6 7.0 .75 5.3 2.6 2.7 3.4

Total 44.9 2.9 81.1 60.0 30.0 30.0 18.9

Average monthly rainfall was determined from
data recorded at 20 rainfall stations within the model
area (Southwest Florida Water Management District,
1989; 1990).  Overland runoff was determined for 10
stream-flow gaging stations by hydrograph separation
techniques using a computer program developed by
White and Sloto (1991).  Minimum ET was estimated to
be 30 in/yr and was adjusted on a monthly basis using

pan evaporation coefficients developed for Lake
Lucerne (Lee and Swancar, 1994). 

Another change from the basic calibrated model
was the calculation of ET from the water table.  ET
directly from the water table was simulated in the
model using the position of the water table relative to
land surface after each time step and a potential ET
rate.  The potential ET rate is estimated to be 30 in/yr 
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in areas where the water table is at land surface (such
as a lake) and is assumed to decrease linearly to zero at
a depth of 13 or more feet below land surface.  The
potential ET from the water table was determined
from monthly pan evaporation measurements at Lake
Alfred and modified according to monthly pan-evapo-
ration coefficients developed for Lake Lucerne (Lee
and Swancar, 1994).  ET is from the water table and,
thus, is only a component of the total ET found in stan-
dard hydrologic budget analysis.  ET from plant sur-
faces, bare land, and the unsaturated zone are not
handled directly in this model.  The minimum ET rate
(30 in/yr) could be added to the simulated rates to get
an estimate of actual annual ET.

Table 6.  Pumping rates used in the Lake Wales Ridge area, 
Florida, transient-model calibration periods

[values are in million gallons per day]

Surficial 
aquifer

Intermedi-
ate aquifer

Upper 
Floridan 
aquifer

Total

Initial calibration period

1989
 October 5.6 12.8 388.2 406.8
 November 16.7 17.1 457.8 491.6
 December 13.0 19.7 485.5 518.2

1990
 January 8.2 9.6 281.3 299.1
 February 6.3 7.8 247.6 261.7
 March 13.3 14.1 388.2 415.6
 April 11.3 15.7 393.5 420.5
 May 17.6 14.7 454.1 486.4
 June 8.2 10.9 275.3 294.4
 July 6.0 6.4 217.7 230.1
 August 6.0 6.1 232.6 244.7
 September .3 2.5 117.4 120.2

Final calibration period

1988
 October 18.5 17.1 535.6 571.2
 November 9.1 11.0 353.1 373.2
 December 17.9 16.6 530.4 564.9

1989
 January 11.8 16.3 386.7 414.8
 February 17.6 26.9 594.7 639.2
 March 13.1 17.4 436.1 466.6
 April 16.1 23.1 564.0 603.2
 May 18.0 29.9 666.5 714.4
 June 14.1 13.3 459.3 486.7
 July 10.5 6.5 267.8 284.9
 August 7.6 10.2 349.3 367.1
 September .3 1.3 124.9 126.5

A value of 1.0 x 10 - 3 was used to represent
storativity in the entire Upper Floridan aquifer.  Storat-
ivity in the intermediate aquifer was represented by a
constant value of 1.0 x 10 - 4.  These values are in
agreement with the assumption that for most confined
aquifers, the storage coefficient is about 1 x 10 - 6 per
foot of aquifer thickness (Lohman, 1979).  A specific
yield value of 0.30 was used to simulate storage for the
surficial aquifer where lakes are not present and a
value of 1.0 was used to simulate storage for the surfi-
cial aquifer where lakes are present.

The general head boundaries of the steady-state
model were modified in the transient model by chang-
ing boundary source heads to match observed water
levels in the intermediate aquifer and in the Upper
Floridan aquifer for the 1989-90 period.  The source
heads were varied 12 times (monthly) over the simula-
tion period to match water-level trends observed at
nearby wells.  Initial source heads were interpolated
from the September 1989 potentiometric maps of the
intermediate aquifer (Knochenmus and Barr, 1990a)
and the Upper Floridan aquifer (Knochenmus and
Barr, 1990b).

    As in the steady-state simulation, lakes were
treated as "windows" in the surficial aquifer through
which the water table can be observed. However, at lake
cells, the storage coefficient was set to one and ET was
set at the potential rate. Land surface was set well below
the bottom of the lake to ensure calculation of maxi-
mum ET.  It became obvious during early calibration of
the transient-state model that the net ground-water flow
to lakes was too small because simulated lake heads
were too low.  This error in computing lake heads is
probably due to the inability of the model to simulate
the local flow patterns around lakes.  A large part of the
ground-water inflow to lakes is from local flow with
short flow paths that cannot be accurately represented
with the 1 mi 2 grid size used in this model (Lee and
Swancar, 1994). Because no reasonable change in any
hydraulic parameter could solve this problem, ET was
reduced at lake cells to compensate for the inability of
the model to accurately simulate ground-water inflow
from the surficial aquifer to lakes.  The best results were
obtained when the initial estimates of monthly ET were
reduced by 80 percent at lake cells.  This reduction is
equivalent to about a 45 percent increase in recharge to
cells representing lakes.

During the calibration process, adjustment of
some leakance values of the upper confining unit along
the Lake Wales Ridge was necessary.  Generally, these
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Figure 34.  Locations of water-level measurements and values of water-level 
residuals for the surficial aquifer, May 1990 and September 1990.
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adjustments in leakance increased
recharge to the intermediate aqui-
fer system and improved calibra-
tion of the transient model.  The
altitude of the bottom of the surfi-
cial aquifer also had to be
adjusted in some cells.  These
adjusted values then became the
final calibrated values used in the
steady-state calibration model.

Transient-model perfor-
mance was evaluated by:  (1)
comparing model-simulated and
measured heads at individual
wells and lakes for May 1990 and
September 1990, (2) comparing
hydrographs of simulated heads
with observed water-level hydro-
graphs at 25 wells and 14 lakes,
and (3) inspection of the distribu-
tion of errors in head.  The simu-
lated heads for May 1990 and
September 1990 approximate
end-of-dry-season and end-of-
wet-season conditions, respec-
tively.

Maps showing the water-
level residuals at individual wells
and lakes for each aquifer are
shown in figures 34, 35 and 36.  A
statistical summary of differences
between the simulated and
observed heads in each aquifer is
presented in table 7.  The average
simulated head differences for
May 1990 and September 1990
were computed to be 0.0 and
-0.2 feet respectively, for the surf-
icial aquifer, 1.1 and 0.2 feet
respectively, for the intermediate
aquifer, and 1.5 and -0.1 respec-
tively, for the Upper Floridan
aquifer.  On a model-wide basis,
there is a tendency toward under-
estimating heads in May, while in
September there is as much error
on the plus side as on the minus
side. Overall, observed heads
agreed reasonably well with
heads simulated by the model.
Considering that the simulated
heads are an average head over a
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month, as compared to an instan-
taneous observed water-level
measurement, the simulation
results seem to adequately repre-
sent conditions in the aquifer sys-
tem.

The plot of water-level
residuals over the modeled area
show several areas with consis-
tently high positive or negative
residuals.  For the surficial aqui-
fer an area of negative residuals
was shown east of the WUCA, in
eastern Polk County.  This is an
area of upward leakage and well-
developed surface drainage and it
appears that additional ET and
runoff from the surficial aquifer
should be simulated. At the
northern and southern ends of the
WUCA, simulated heads are
shown to be lower than observed
heads. The lower simulated
heads may be the result of the
scale of the model.  The large cell
size limits the ability of the
model to simulate the local flow
system.

For the intermediate and
Upper Floridan aquifers, an area
of negative residuals for May
1990 is shown between the Peace
River and Charlie Creek.  Nearly
all pumpage in this area is irriga-
tion pumpage, the most difficult
of all water-use data to estimate.
The higher simulated heads
maybe the result of errors in the
distribution and quantity of irri-
gation pumpage. Additionally,
areas of both positive and nega-
tive residuals are shown for areas
along the western edge of the
model in Polk and northern
Hardee Counties. The most likely
explanation for these differences
is that boundary flows and pump-
age are poorly defined.  Also, an
area of positive residuals for the
Upper Floridan aquifer is shown
at the southern end of the WUCA
in Highlands County.  The lower

Figure 35.  Locations of water-level measurements and values of water-level 
residuals for the intermediate aquifer, May 1990 and September 1990.
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Figure 36.  Locations of water-level measurements and values of water-level 
residuals for the Upper Floridan aquifer, May 1990 and September 1990.
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simulated heads are mostly the
result of errors in the starting
condition heads.

The accuracy of the tran-
sient model also was based on a
comparison between simulated
heads at specific cells and hydro-
graphs of selected monitor wells
and lakes at the appropriate cell.
The locations of these wells and
lakes, many of which are near
major ground-water users, are
shown in figure 5.

Simulated water-level
fluctuations for 25 wells and
14 lakes, from September 1989
through September 1990, vary
similarly with measured water
levels for the same period
(figs. 37, 38, 39, and 40).  This
indicates that the model simu-
lates the transient response rea-
sonably well on a monthly basis.
The major difference between
simulated and observed heads is
the starting head. Differences in
head may be related to the loca-
tion of the well in the cell in addi-
tion to inadequate estimates of
flow or hydrologic properties.

A notable deviation
between simulated heads and
observed hydrographs occurs for
the intermediate and Upper Flori-
dan aquifer wells in September
1990. The model simulates
increasing heads from August to
September 1990  while the
hydrographs show decreasing
heads for the same period.  The
most likely explanation is that
pumpage is inaccurately defined.
Possibly, actual pumpage during
September 1990 may have been
different than the rates used in the
model, which is quite likely since
the rate used in the model for
September 1990 does not include
any irrigation pumpage.
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Table 7.  Statistical summary of differences between model-computed heads and observed water levels for the surficial 
aquifer, intermediate aquifer, and Upper Floridan aquifer for the Lake Wales Ridge area, Florida, May 1990 and September 
1990

Statistics
May 1990 September 1990

Surficial
aquifer

Intermediate
aquifer

Upper Flori-
dan aquifer

Surficial
aquifer

Intermediate 
aquifer

Upper Floridan 
aquifer

Number of observations 29 39 63 30 38 70

Maximum range in residuals 
(feet)

-3 to 3 -14 to 16 -11 to 11 -3 to 3 -9 to 11 -9 to 9

Arithmetic mean of residuals 
(feet)

0.0 1.1 1.5 -0.2 0.2 -0.1

Absolute mean of residuals 
(feet)

0.7 5.6 3.5 1.3 3.3 3.0

Standard deviation of residuals
(feet)

0.9 7.3 4.4 0.8 3.8 3.6

Standard error of regression 
(feet)

1.4 7.0 4.5 1.7 4.0 3.9

Coefficient of determination 0.9979 0.8980 0.9728 0.9970 0.9579 0.9726

Simulated Water Budget

Figure 41 shows sources and discharges of
ground-water in the modeled area for the pumping
period May 1990.  Ground-water was derived from
aquifer storage, flow across lateral boundaries, and
streams.  Ground-water was discharge by ET, flow
across lateral boundaries, pumpage, and streams.

Under May 1990 transient conditions, almost all
the inflow water (99 percent) was derived from stor-
age from the surficial aquifer.  About 11 Mgal/d was
derived from flow across lateral boundaries and
another 7.3 Mgal/d was derived from streams.

Total inflow of 4,420 Mgal/d was balanced by
an equal quantity of outflow.  Most (86 percent) of
ground-water discharge was by ET.  About 486 Mgal/d
(11 percent) of ground-water discharge was pumpage
and about 13 Mgal/d of ground-water discharge was
by streams, and about 126 Mgal/d (3 percent) of
ground water was discharged across lateral bound-
aries. 

In May 1990, the average rate of pumping was
about 486 Mgal/d, about 360 Mgal/d more than during
the steady-state simulation.  Most (93 percent) of the
water was pumped from the Upper Floridan aquifers.
This additional water was obtained mostly from an
increase in downward leakage and from a decrease in

lateral boundary flow and stream flow.  Leakage into
the Upper Floridan aquifer from the intermediate aqui-
fer increased 197 Mgal/d, from about 367 to about
564 Mgal/d, an increase of about 54 percent.  Net lat-
eral flow at boundaries decreased 103 Mgal/d, from
about 218 to about 115 Mgal/d, a decrease of about
47 percent.  Streamflow decreased about 54 Mgal/d,
from about 67 to 13 Mgal/d, a decrease of about 80
percent.

As simulated, net difference in flow between the
surficial aquifer and the intermediate aquifer and
between the intermediate aquifer and the Upper Flori-
dan aquifer is small (less than 2 Mgal/d).  This is
because water that leaks downward from the surficial
aquifer to the intermediate aquifer ultimately leaks
downward and recharges the Upper Floridan aquifer. 

Sensitivity Analysis

The transient model was tested for sensitivity to
changes in net recharge/discharge, ET, storage, and
pumpage.  Transmissivity and leakance were kept the
same as in the steady-state model calibration.  Each
model parameter was increased by a factor of 2 and
decreased by a factor of 0.5.  The effect of the change
in the parameter or stress was measured through the
change in absolute value of the mean residual head, or
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Figure 37.  Simulated heads and observed water levels in selected wells open to the surficial aquifer, October 1989 
through September 1990. (Location of wells shown in fig. 5.)
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as a change in total base flow to rivers, or as a change
in lateral boundary flow.  Figure 42 shows the results
of the sensitivity analysis for September 1990 condi-
tions resulting from each of the tests in which the indi-
vidual parameters were varied separately.

The sensitivity analysis indicated that simulated
heads were most sensitive to changes in net
recharge/discharge and pumpage, particularly increased
recharge/discharge.  Head deviations increased about
2 feet in each aquifer when recharge was multiplied by
2.0 and decreased by 0.2 to 0.8 ft  when recharge was
multiplied by 0.5.

Figure 38.  Simulated heads and observed water levels in selected wells open to the intermediate aquifer, October 
1989 through September 1990. (Location of wells shown in fig. 5.)
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The model was insensitive to changes in the spe-
cific yield of the surficial aquifer, storage coefficients of
the intermediate and Upper Floridan aquifer, and ET.
The absolute value of the mean residual head was the
same or nearly the same for the calibrated model run as
it was for the tested changes in specific yield, storage
coefficients, and ET.  However, if specific yield of the
surficial aquifer is considered in conjunction with net
recharge/discharge, determination is critical to proper
simulation of the aquifer system.



Simulation of Ground-Water Flow 51

because high transmissivities allow rapid head changes
throughout the confined regional system.

Final Transient Calibration

A final test of the model was made against a data
set that represents hydrologic conditions different from
those used for the initial transient calibration.  The
period selected was October 1988 through September

Base flow to rivers and net lateral boundary flows
were most sensitive to net recharge/discharge.  The
model was slightly sensitive to pumpage and ET.  The
model was relatively insensitive to changes in the spe-
cific yield of the surficial aquifer.  Of relatively minor
importance to model response were changes in storage
coefficients of the intermediate and Upper Floridan
aquifers.  Storage coefficients are less important

Figure 39.  Simulated heads and observed water levels in selected wells open to the Upper Floridan aquifer, 
October 1989 through September 1990. (Location of wells shown in fig. 5.)
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were adjusted to reflect September 1988 conditions.
Comparison of model-simulated and observed Septem-
ber 1988 heads was good statistically; thus, the esti-
mated heads were considered to adequately represent
September 1988 conditions.  Effects of the initial condi-
tion heads should not adversely influence the transient-
condition solution.

The final transient results were assessed by com-
paring model-simulated heads and observed water lev-
els for individual wells and lakes in May and September
1989.  The statistics of the final model calibration indi-
cate that there is a reasonable match between model-
simulated and observed heads (table 8).  However, the
May 1989 transient calibration has greater error and
deviation than the May 1990 calibration results.  The
absolute average error for the surficial aquifer, interme-
diate aquifer, and the Upper Floridan aquifer, for the
May 1989 transient conditions is 1.7, 6.7, and 6.1
feet, respectively, compared to 0.7, 5.6, and 3.5 feet,

1989.  Input hydraulic characteristics to the model were
the same as for the initial transient-state model, with the
exception of the irrigation pumpage arrays, boundary
source heads, and monthly rates of ET and net recharge.
Another change from the basic calibration model was
the use of average stream heads  rather than updated
monthly values.  Appropriate monthly variations in
pumping, rates of recharge and ET, and boundary
source heads were used to approximate the changing
conditions from October 1988 through September 1989.
These variations are shown in tables 3 and 6.  Initial
heads were estimated for September 1988 based on the
calibrated September 1989 steady-state heads and the
change in heads measured in wells and lakes between
September 1989 and September 1988.  A steady-state
proof run using the estimated September 1988 heads
was made to test for equilibrium conditions.  Boundary
flows, net recharge/discharge rates, and pumpage arrays
of the calibrated September 1989 steady-state model

Figure 39A.  Simulated heads and observed water levels in selected wells open to the Upper Floridan aquifer, October 
1989 through September 1990—Continued. (Location of wells shown in fig. 5.)
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respectively, for the surficial aquifer, intermediate
aquifer, and the Upper Floridan aquifer for the May
1990 calibration period.  Discrepancies could be the
result of errors in defining initial conditions or the
result of inaccurately determined pumping rates and
areal distribution of water use.

Figure 40.  Simulated heads and observed water levels in selected lakes, October 1989 through September 1990. 
(Location of lakes shown in figure 5.)
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Application of Flow Model

The calibrated ground-water flow model of the
Lake Wales Ridge and adjacent areas was used in a
series of simulations to evaluate the short-term and
long-term effects of pumping on ground-water levels.
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Simulation results are summarized in this section and
are presented in a series of maps that show the resulting
net ground-water level changes in the model area.

Simulated Effects of Variations in 
1990 Water Year Pumpage

The calibrated transient model was used to eval-
uate the short-term effects of 1990 water-year pump-
age on ground-water levels.  Simulations were made to
assess the effects of five different pumping schemes.
The following pumping scenarios were simulated for a
1-year period using the September 1989 steady-state
conditions as initial conditions:

1.  No pumpage,
2.  No public supply pumpage,
3.  No industrial or mining pumpage,
4.  No agricultural pumpage, and
5.  No pumpage outside the WUCA.

Input parameters and boundary conditions were the
same as specified in the calibrated transient model.
The simulated effects of pumping were calculated as

Figure 40A.  Simulated heads and observed water levels in selected lakes, October 1989 through September 1990—
Continued. (Location of lakes shown in figure 5.)
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the difference between simulated September 1989
heads of the calibrated transient simulation and the
simulated September 1990 heads of the tested simula-
tions.  The areal distribution of 1990 average annual
pumpage is shown in figures 43 through 45. Results of
the simulations are shown in figures 46 through 50.

Ground-water withdrawals in water year 1990
averaged about 349 Mgal/d.  The net effect of remov-
ing all pumpage across the model area is shown in
figure 46.  The effect of pumpage can be inferred from
the no pumpage condition.  Effects of no pumpage on
the surficial aquifer are greatest within the WUCA
along the Lake Wales and Winter Haven Ridges where
recharge rates are high and where the confining units
are thin or permeable.  Effects of no pumpage on the
intermediate aquifer and the Upper Floridan aquifer
are greatest in areas where pumping rates are highest,
especially in southwestern Polk County.  The change
maps show that, if no ground-water pumpage occurred
during the 1990 water year, simulated water levels
would have reached a maximum recovery of about 2
feet in the surficial aquifer, about 12 feet in the
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connection between aquifers and the surficial aquifer
heads will be least affected by pumping.

Agriculture is the largest user of ground water in
the model area; however, the rates and areal distribu-
tion of this water-use category are the least accurately
known.  Water year 1990 agricultural withdrawals are
estimated at about 238 Mgal/d, about 68 percent of the
total pumpage in the study area.  The simulation in
which there was no pumpage for agricultural use
resulted in a maximum recovery of about 2 ft in the
surficial aquifer, about 2 ft in the intermediate aquifer,
and about 2 ft in the Upper Floridan aquifer (fig. 47).

intermediate aquifer, and about 16 feet in the Upper
Floridan aquifer.  Within the WUCA, the area affected
most by pumpage is in the high-rate recharge areas,
whereas the least affected area is in the low-rate
recharge areas along the eastern boundary of the
WUCA where recovery is less than 2 feet.  In the high-
rate recharge areas, the confining units that separate
the aquifer tend to be thin or permeable and there is an
intimate hydraulic connection between the aquifers.
Therefore, in high-rate recharge areas, the surficial
aquifer will be most affected by pumping from the
intermediate and Upper Floridan aquifers.  Similarly,
in low-rate recharge areas, there is a poor hydraulic

Figure 41.  Simulated water budget of the aquifer system in the model area, May 1990.
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Figure 42.  Sensitivity of calibrated transient-state model to variations in various input parameters.
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The simulated effects of agricultural pumpage on the
potentiometric surfaces of the intermediate aquifer
system and the Upper Floridan aquifer are relatively
small due to the relatively short time it takes the con-
fined system to reach equilibrium following cessation
of pumping in May, whereas the effects of pumpage
on the surficial aquifer are relatively large due to the
cumulative effects of water lost from storage.

  Pumpage for industrial and mining use in water
year 1990 was about 67 Mgal/d, about 17 percent of
the total pumpage.  The net effect of no industrial and
mining pumpage across the model area is shown in
figure 48.  The simulation indicated a maximum
recovery of less than 0.5 ft in the surficial aquifer,
about 10 ft in the intermediate aquifer and about 14 ft
in the Upper Floridan aquifer.  The simulated effect of
pumpage are greatest in areas where large quantities of
ground water are withdrawn for phosphate mining and
the effects extend to the western boundary of the
WUCA.

Pumpage for public supply in water year 1990
was about 42 Mgal/d, about 12 percent of total pump-
age.  Public supply pumpage is the most accurately
known pumping category in terms of rates and areal
distribution.  The simulated effect across the model
area of no public supply pumping is shown in figure
49.  The simulation indicated a maximum recovery of
about 0.5 ft in the surficial aquifer, about 4 ft in the
intermediate aquifer and about 10 ft in the Upper
Floridan aquifer.  The simulated effect of no pumpage
for public supply are greatest near the larger munici-
palities, and extend to outlying areas.

 
Table 8.  Statistical summary of differences between model-computed heads and observed water levels for the surficial 
aquifer, intermediate aquifer, and Upper Floridan aquifer for the Lake Wales Ridge area, Florida, May 1989 and September 
1989

Statistics
May 1989 September 1989 

Surficial aqui-
fer

Intermediate 
aquifer

Upper Flori-
dan aquifer

Surficial aqui-
fer

Intermediate 
aquifer

Upper Flori-
dan aquifer

Number of observations 33 39 65 50 38 71

Maximum range in residuals (feet) -4 to 4 -13 to 20 -7 to 15 -5 to 8 -5 to 12 -9 to 10

Arithmetic mean of residuals (feet) -0.7 1.4 5.1 -0.5 1.3 0.3

Absolute mean of residuals (feet) 1.7 6.7 6.1 2.1 3.2 3.2

Standard deviation of residuals (feet) 2.0 7.9 5.4 2.6 3.9 4.1

Coefficient of determination 0.9961 0.8993 0.9628 0.9905 0.9622 0.9712

The WUCA is affected by regional pumping for
municipal supply, agriculture, and industry.  Pumping
outside of the WUCA in water year 1990 was about
220 Mgal/d, about 63 percent of the total pumpage.
The simulated effect of pumpage outside the WUCA
on the surficial aquifer, the intermediate aquifer, and
the Upper Floridan aquifer is shown in figure 50.  The
simulated effects of regional pumpage on the WUCA
are greatest in Polk County along the western bound-
ary of the WUCA where maximum recoveries are less
than 2 ft in the intermediate aquifer and in the Upper
Floridan aquifer.  The change map shows several small
areas in Polk County where a recovery in the surficial
aquifer system is less than 1 ft.

Potential Effects of Long-Term Pumpage

The calibrated flow model was used to evaluate
the potential effects of long-term pumpage on hydrau-
lic heads of the surficial aquifer, intermediate aquifer,
and Upper Floridan aquifer.  Two development alter-
native simulations were made: (1) continuation of
1990 water year hydrologic conditions and pumping
rates, and, (2) continuation of 1990 water year hydro-
logic conditions and increased pumpage.  The alterna-
tives are highly simplified, and a large number of
plausible situations involving various combinations of
existing conditions and hypothetical changes in pump-
age could develop.  The purpose of testing develop-
ment alternatives was to evaluate general hydrologic
trends that might be expected should the alternative be
realized.  Although testing of specific management
alternatives was not an objective of the study, it is pos-
sible with the calibrated model to evaluate the effects
of water-management proposals on the aquifer system.
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Development alternatives
were simulated for an arbitrary
20-yr period to allow the flow
system to respond to stresses and
approach a new equilibrium con-
dition.  Each year of the develop-
ment period was divided into
12 stress periods, each represent-
ing 1 month. Pumpage and gen-
eral head boundary source heads
varied monthly to account for
changes with time. Another
change from the basic calibration
model was the use of average
stream heads rather than updated
monthly values. Net
recharge/discharge rates used in
the steady-state model were
assumed to have the appropriate
spatial distribution. ET was
neglected in the hypothetical
projections because little is
known about the quantitative
effects of large temporal changes
in the depth to the water table
and how much ET would be
reduced for a given decline in
water-table altitude.  In addition,
the discharge of ground water by
ET is difficult to predict because
the roots of established plants
may, to a limited extent, keep
pace with a declining water
level, especially if the depth to
water increases slowly (Durbin,
1978). Other hydrologic vari-
ables specified in the calibrated
transient-state model were
unchanged in the projection sim-
ulations.  The simulated Septem-
ber 1989 hydraulic heads were
used as starting heads for each
projection.

Pumpage was varied
monthly for the hypothetical pro-
jections to see what effects sea-
sonal pumpage has on the
aquifer system. Unlike other
major users, withdrawals for irri-
gation are highly seasonal and
annual water-use estimates are
misleading. Typically the bulk of

Figure 43.  Areal distribution of average annual 1990 ground-water withdrawals 
from the surficial aquifer.
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Figure 44.  Areal distribution of average annual 1990 ground-water withdrawals 
from the intermediate aquifer.
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citrus irrigation, which is the larg-
est single use of ground water for
irrigation in the model area,
occurs in a six-month period from
January to June.  During this six-
month period actual per day
pumpage may greatly exceed the
annual water-use values
(Geraghty and Miller, 1980).

The rates and distribution
of pumpage selected for the hypo-
thetical projections are based on
the water-use estimates for the
1990 water year.  The 1990 water
year represents below normal
hydrologic conditions and corre-
spondingly above normal pump-
age.  Thus, the model would
simulate heads with lower than
normal rainfall conditions.  Three
irrigation seasons occurred during
the 1990 water year; a fall season,
a winter-spring season, and a
summer season during which
withdrawals for irrigation were
small.  Withdrawal rates for irri-
gation during the summer season
were slightly less than half of
those in the winter-spring season,
and the rates in the winter-spring
season were slightly more than
two-thirds of those in the fall sea-
son.  The rates in the fall season
were about the same as the annual
average rates.

Model runs were made
simulating head changes expected
at the end of the irrigation season
(May) and the non-irrigation sea-
son (September) in 20 years.
Head changes were computed as
the difference between the simu-
lated aquifer heads in September
1989 and the simulated aquifer
heads in May 2009 and Septem-
ber 2009.

Simulation of a continua-
tion of 1990 hydrologic condi-
tions and pumpage produced a
decline in aquifer heads through-
out all of the WUCA and most of
the modeled area as the system



60 Analysis and Simulation of Ground-Water Flow in the Lake Wales Ridge and Adjacent Areas of Central Florida

Figure 45.  Areal distribution of average annual 1990 ground-water withdrawals 
from the Upper Floridan aquifer.
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approached a new equilibrium
condition after 20 years of
pumping (figs. 51 and 52).  By
May 2009, the greatest head
declines in the surficial aquifer
and lakes are predicted to occur
in Polk County at the northern
end of the WUCA where a good
hydraulic connection between
aquifers is believed to exist.
Head declines in the surficial
aquifer averaged 2.8 ft, and are
predicted to exceed 10 feet in a
broad area near the northern half
of the WUCA.  Head declines in
the intermediate aquifer aver-
aged 8.9 feet and are predicted to
exceed 10 feet in most of the
WUCA.  Head declines also are
predicted to exceed 15 ft in two
areas in the WUCA in Polk
County and in one area of north-
western Highlands and north-
eastern Hardee Counties.  Head
declines in the Upper Floridan
aquifer are predicted to average
11.1 ft and exceed 10 feet over
most of the WUCA and more
than 20 feet of decline is pre-
dicted to occur along the west-
central edge of the model in Polk
and Hardee Counties.  By Sep-
tember 2009, aquifer heads have
recovered from lows in May
2009; however, a net head
decline of 10 feet or more in
aquifer heads is predicted to
occur in Polk County near the
northern half of the WUCA.
Maxium declines of 10 feet or
more are predicted to occur in
each aquifer and the average
decline for all model cells in the
surficial aquifer, intermediate
aquifer, and the Upper Floridan
aquifer are predicted to average
about 2.8, 3.3, and 3.4 feet,
respectively.  The decline in Sep-
tember aquifer heads indicates
that discharge from pumpage
exceeded the September 1989
rate of recharge.
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Figure 46.  Simulated rise of September 1989 heads in the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer when all categories of pumpage 
are removed.
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Figure 47.  Simulated rise of September 1989 heads in the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer when all agricultural pumpage is 
removed.
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Figure 48.  Simulated rise of September 1989 heads in the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer when industrial and mining 
pumpage is removed.
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Figure 49.  Simulated rise of September 1989 heads in the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer when public-supply pumpage is 
removed.
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Figure 50.  Simulated rise of September 1989 heads in the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer whe n all categories of 
pumpage outside of the water-use caution area are removed.
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Figure 51.  Simulated decline of September 1989 heads in the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer at the end of May 2009 as 
a result of the continuation of present (1990 water year) average ground-water withdrawals of 349 million gallons per day.
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Figure 52.  Simulated decline of September 1989 heads in the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer at the end of September 
2009 as a result of the continuation of present (1990 water year) permitted ground-water withdrawals of 506 million gallons per  day.
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68 Analysis and Simulation of Ground-Water Flow in the Lake Wales Ridge and Adjacent Areas of Central Florida

Table 9.  Simulated ground-water flow rates within the Lake Wales Ridge area, Florida, for September 1989 and at the end of 
20 years as a result of selected changes in pumpage

[values are in million gallons per day

September 1989
steady-state
conditions

Continuation of 1990 water year 
conditions and pumpage

Pumpage increased
by 45 percent

May 2009
September 

2009
May 2009 September 2009

Inflows
Recharge 446.0 446.0 446.0 439.7 439.5
Head dependent boundaries 13.9 65.2 14.1 121.3 23.3
Streams 0.0 1.0 1.0 2.8 2.6
Constant heads 18.9 27.4 22.3 31.5 25.5
Storage 0.0 239.7 22.0 342.0 48.0

Total inflow 478.8 779.3 505.4 937.3 538.9

Outflows
Upward discharge 48.7 48.7 48.7 48.4 48.4
Head-dependent boundaries 229.7 187.0 177.3 133.9 139.5
Streams 66.6 51.0 52.0 43.8 45.0
Constant heads 7.3 6.2 6.8 5.9 6.4
Pumpage 126.5 486.4 120.1 705.2 174.1
Storage 0.0 0.0 100.4 0.0 125.6

Total outflow 478.8 779.3 505.3 937.2 539.0

Changes in head also would cause changes in
volumetric flow rates (table 9).  In the steady state
simulation, most of the water pumped was obtained
from recharge.  As shown for all simulations, water
was discharged mostly across lateral head-dependent
boundaries but a significant amount (26 percent) also
discharged by pumping.  As the aquifer heads declined
during the irrigation season, water was obtained
mostly from recharge, but about 31 percent came from
aquifer storage and about 18 percent came from
decreased lateral boundary outflow.  During the non-
irrigation season, total pumpage decreased substan-
tially.  As aquifer heads rose, a lesser proportion of
water came from lateral boundary flows, while ground
water returned to aquifer storage.  The single largest
net change was a decrease of about 22 percent in lat-
eral boundary flows.

In the second simulation, the aquifer was
pumped for 20-years at 1.45 times the rate (349
Mgal/d) used in the first alternative, using the same
well distribution pattern as alternative one.  The 45-
percent increase represents the largest possible
increase in rate based on predicted water demands.
Although an increase in pumpage of this magnitude is
unlikely, this simulation illustrates the potential for

large changes in aquifer conditions if pumpage were
increased substantially.

Increasing the pumping rate increased the extent
and magnitude of head declines throughout the mod-
eled area (figs. 53 and 54).  After 20 years of pumping
at an average rate of 506 Mgal/d, the prominent
depression in Polk County at the northern end of the
WUCA is predicted to be about twice as deep than that
produced by pumping at a rate of 349 Mgal/d.  By the
end of the irrigation season in May 2009, maximum
declines are predicted to exceed 20 feet in the surficial
aquifer and exceed 30 feet in the intermediate and
Upper Floridan aquifers.  The average decline for all
model cells in the surficial aquifer, intermediate aqui-
fer, and Upper Floridan aquifer are predicted to be
about 4.4, 13.0, and 16.0 feet, respectively.  By the end
of the non- irrigation season in September 2009, maxi-
mum declines are predicted to exceed 20 feet in each
aquifer and the average decline for all model cells in
the surficial aquifer, intermediate aquifer, and the
Upper Floridan aquifer are predicted to be about 4.4,
5.8, and 6.2 feet, respectively.  By the end of the sec-
ond alternative model simulation, 12 grid blocks rep-
resenting the surficial aquifer had gone dry, indicating
dewatering of the aquifer.
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Figure 53.  Simulated decline of September 1989  heads in the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer at the end of May 2009 as 
a result of the continuation of present (1990 water year) permitted ground-water withdrawals of 506 million gallons per day.
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Figure 54.  Simulated decline of September 1989 heads in the surficial aquifer, the intermediate aquifer, and the Upper Floridan aquifer at the end of September 2009 
as a result of the continuation of present (1990 water year) permitted ground-wster withdrawals of 506 million gallons per day.
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Simulation of Ground-Water Flow 71

In addition to the large head changes due to
increased pumpage, large changes in the volumetric
flow rates are predicted to occur.  The most significant
changes in flow rates include:  (1) increase in the lateral
boundary inflow and the volume of water removed from
storage in May 2009, and (2) decrease in lateral bound-
ary outflow and increase in the volume of water
returned to storage in September 2009.

Predicted head declines for selected sites for the
two 20-year model simulation periods are shown in fig-
ure 55.  ROMP 57 (Floridan and Hawthorn) and ROMP
CL3 NRSD wells are located in Polk County within the
WUCA near the centers of the resultant depressions
produced by the development alternatives; ROMP 43
Floridan, ROMP 28 Floridan, and Bairs Den wells are
located within the WUCA near the southern periphery
of the resultant depression in Highlands County; ROMP
26 (Shallow, Hawthorn, and Avon Park) and Rowell
wells are located outside of the WUCA near the western
periphery of the resultant depression in De Soto and
Hardee Counties, respectively.  These plots approxi-
mate the predicted hydrographs for the observation
wells located at the corresponding sites.

The general trend of the hydrographs for the two
development alternatives, particularly within the
WUCA, is one of continually declining heads at gradu-
ally decreasing rates of decline. The sawtoothed pattern
exhibited by these predicted head declines results from
the seasonal variation in irrigation pumpage.  During
nonirrigation months aquifer heads partially recover
from the effects produced by pumping during the previ-
ous irrigations months.  The recovery pattern is gener-
ally the same for both simulations, however, the decline
in yearly peak values indicates that discharge from
pumpage exceeded the rate of recharge during the simu-
lation.  Aquifer heads will asymptotically approach val-
ues appropriate to the establishment of a new steady-
state flow system.

In summary, simulation of the two development
alternatives resulted in head declines, reduced net lat-
eral boundary outflow, and reduced ground-water dis-
charge to streams.  Aquifer-head declines are predicted
to mostly occur in the high recharge areas of the
WUCA.  The extent and magnitude of head declines
and the rate of reduction of natural discharge will
depend on the net pumping rate, the degree of confine-
ment that exists between aquifers (leakance), and the
availability of recharge.  The rate of leakage from the
surficial aquifer will be limited by the head difference
between aquifers and the hydraulic conductivity of the

confining units while the head difference between aqui-
fers will be limited primarily to the net pumping rate.
Pumping at greater rates produced greater declines.  The
general trend within the WUCA is one of continually
declining aquifer heads at a gradually decreasing rate of
decline.  Pumping induces leakage from the overlying
surficial aquifer and reduces discharge to it, thereby
lowering the water table.  Initially, most of the water
that would be discharged from the aquifer system by
pumpage would be derived from water held in storage
within the aquifer system, and withdrawal of this water
would be accompanied by the development and growth
of cones of depression.  As the head decline increases,
an increasing fraction of the water discharged by wells
would be derived from the surficial aquifer, through
downward leakage primarily in areas of high recharge.
Eventually most or all of the water that is discharged by
pumpage may be supplied by water from storage in
lakes and in the surficial aquifer.  Because lakes are
hydraulically connected to the surficial aquifer, the level
of lakes within the WUCA are predicted to decline sub-
stantially as a result of current or future pumpage and a
continuation of 1990 hydrologic conditions.  It is impor-
tant to note that the simulations show that a system of
steady-state flow was not established within the WUCA
at the end of the two 20-year simulation periods and
equilibrium conditions within the WUCA were being
met at a much slower and less complete rate when com-
pared to most areas outside of the WUCA.

Appraisal of Model Results

This computer model represents a simplification
of the ground-water flow system in the Lake Wales
Ridge and adjacent areas.  The hydrogeologic system
was conceptualized, the hydraulic properties identified
and estimated, and  transformed into the mathematical
analog.  The model offers approximate solutions to dif-
ferential equations that define the system, and, because
it is an approximation, the model has a limited capabil-
ity to simulate the natural system in detail.  For this rea-
son, caution is advised when interpreting model results.

The accuracy of the model is dependant on the
assumptions and approximations in the finite-difference
calibration, the distribution and quality of the data, and
how well the model simulated the ground-water flow
system under present-day conditions.  
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a Figure 55.  Projected hydrographs of selected sites in the Lake Wales Ridge area for the two 20-year development alternative simulations.
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Several simplifying assumptions and limitations
were necessary in the simulation and conceptualization
of the flow system: 
1. It was assumed that fractures and solution openings, 

through which water flows in the intermediate 
and Upper Floridan aquifers, could be repre-
sented as a porous medium and that Darcy’s law 
was applicable at a regional scale.  This assump-
tion may be reasonable because the model grid 
spacing is in miles.  

2. The model simulation also assumed steady-state
conditions in September 1989.  Whether or not
current ground-water discharge is in equilibrium
with current recharge is unknown; however, the
rapid achievement of equilibrium in the Upper
Floridan aquifer following cessation of pumping
tends to support this assumption.  

3. The effect of pumping large quantities of water
near the model-grid boundary may not be
depicted accurately because of inaccuracies in
boundary assumptions.  However, the model
boundaries were selected sufficiently far away
from the WUCA to minimize errors within the
WUCA.  

4. The constant-head boundary around the perimeter
of the surficial aquifer system could lead to
errors in heads near the boundary because it
tends to minimize the drawdown near the
boundary.  

5. The scale of the model limits the capability of the
model to provide detailed analysis of local flow
effects within the 1 mi 2 blocks and only par-
tially accounts for ground-water flow between
the surficial aquifer and lakes and streams.
However, it is probably not possible to accu-
rately simulate ground-water flow at a smaller
scale than about 1 mi 2 in this karstic terrain
with models that assume equivalent porous
media flow such as McDonald-Harbaugh.  All
these limitations may serve to introduce errors
in calibration and in predicted head change.
Tests of the model’s sensitivity to changes in

hydraulic properties have  indicated that there is no
unique set of input data.  The model could be calibrated
over a rather broad range of values for most hydrogeo-
logic characteristics of the simulated ground-water sys-
tem.  One of the least known and most important
parameters is the vertical leakance of the confining
units.  This parameter along with the difference in head
between aquifers controls movement of water between
aquifers.  Vertical leakance values were refined on the

basis of ground-water levels, distribution and amount of
recharge, and the distribution and amount of discharge.
Increasing recharge in the simulation resulted in a corre-
sponding increase in discharge and a proportional
increase in vertical leakage values.  Thus the vertical
leakance values determined by simulation include an
uncertainty equal to the uncertainty of the estimated
recharge.  The reliability of the valuation also is related
to how well the model simulated the ground-water flow
system under present-day (1990) conditions.  The
model was calibrated by simulating aquifer heads mea-
sured at individual wells and lakes for four different
stress periods, under steady-state and transient condi-
tions.  Calibrations were made for seasons when with-
drawals were lowest and aquifer heads were highest and
for seasons when withdrawals were highest and aquifer
heads were lowest.  In some areas, simulated heads
were much higher or lower than observed heads.  These
differences were acceptable as long as they could be
accounted for by the amount of data available to deter-
mine how closely the measured data can be reproduced
by simulation.  Overall, a good agreement was obtained
between simulated and measured heads, and the simula-
tion results seem to adequately represent conditions in
the aquifer system.

The calibration process often can be of value in
improving the modeler’s understanding of the function-
ing of the system being modeled.  In this study it was
noted that:  

1. Calibration of the model was achieved with very lit-
tle manipulation of the transmissivity distribu-
tions for the intermediate aquifer and for the 
Upper Floridan aquifer that were derived from 
aquifer tests and regional models.  This indi-
cates that the values from these sources reason-
ably define transmissivity in the physical 
system.  

2. Significant adjustments in vertical leakance values
were required to calibrate the model.  This indi-
cates that leakage in the area is quite variable,
perhaps more variable than is indicated by aqui-
fer tests.  

3. The surface-water/ground-water interaction for
both streams and lakes were poorly simulated.
This indicates that the connection between the
streams and lakes with the surficial aquifer can-
not be considered direct on a regional scale.

This model is not unique and many combinations
of aquifer properties and recharge-discharge distribu-
tions can produce the same results.  However, model-
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derived aquifer properties, as a result of extensive cali-
bration simulations, were within realistic limits based
on available field data.  Despite this deficiency, this
model is presently the best available tool for analyzing
the regional flow of ground water and for evaluating the
long-term effects of large-scale ground-water withdraw-
als within the WUCA and adjacent areas.

SUMMARY AND CONCLUSIONS

The 750-mi2 area of the Lake Wales Ridge in
central Polk and western Highlands Counties, Florida,
is an upland recharge area that contains many sinkhole
lakes.  The regional decline of lake levels has prompted
several studies in the area.  This study was designed to
gain a better understanding of the ground-water flow
system in the Lake Wales Ridge and adjacent areas and
how pumping affects aquifer water levels.

The sediments underlying the study area form a
multi-aquifer system consisting of a water-table aquifer
and an underlying sequence of two confined aquifers
and intervening confining units.  The principal hydro-
geologic units underlying the study area include the
surficial aquifer, the intermediate aquifer and confining
units, and the Floridan aquifer system.

The surficial aquifer is composed of clastic
deposits that range in thickness from about 10 to
300 feet.  The most important function of the surficial
aquifer is to store water.  The surficial aquifer is the
major source of recharge to the underlying aquifers.

The intermediate aquifer and confining units are
composed of Miocene and younger age clastic sedi-
ments interbedded with carbonates.  The thickness of
the aquifer system varies widely and ranges from 0 to
more than 500 ft.   Transmissivity of the permeable
units of the aquifer system is generally less than
13,000 ft 2/d.  The leakage coefficients range from 1.0 x
10 - 6 to 1.0 x 10 - 3 (ft/d)/ft for the upper confining unit
and from 1.0 x 10 - 6 to 1.3 x 10 - 4 (ft/d)/ft for the lower
confining unit.

The Floridan aquifer system consists of a thick,
hydraulically connected sequence of Tertiary-age car-
bonate rocks.  The system consists of the Upper Flori-
dan aquifer, the middle confining unit, and the Lower
Floridan aquifer.  The freshwater flow system is limited
to the Upper Floridan aquifer in the study area because
the middle confining unit and the Lower Floridan aqui-
fer generally contain saltwater.  The thickness of the
Upper Floridan aquifer ranges from about 1,200 to
1,400 feet.  Transmissivities of the Upper Floridan aqui-
fer range from about 10,300 to 270,000 ft2/d based on
aquifer tests, whereas transmissivities based on model

simulations range from 12,000 to 400,000 ft2/d.  The
storage coefficient of the Upper Floridan aquifer ranges
from about 1.8 x 10 - 2 to about 3.1 x 10 - 4 based on
aquifer tests.

A total of about 401 Mgal/d of freshwater was
withdrawn from the aquifer system in calendar year
1990, mostly for agricultural, industrial and public sup-
ply pumpage.  The Upper Floridan aquifer is the major
source of water supply in the modeled area and supplies
more than 30 times the amount of water from within the
surficial or intermediate aquifers.  The primary use of
ground-water in the area is for agriculture and accounts
for 275 Mgal/d.  Mining is the second largest user of
ground-water and accounts for 60 Mgal/d.  Withdrawals
for public supply average about 48 Mgal/d.

Ground-water levels fluctuate seasonally with
highest levels generally in September at the end of the
wet season, and lowest levels generally in May at the
end of the dry season.  Seasonal fluctuations are gener-
ally less than 5 feet in the surficial aquifer and generally
less than 30 feet in the intermediate and Upper Floridan
aquifers.  Water-level declines are caused by pumpage
for agriculture and mining.  In areas where pumpage for
irrigation is small, water levels seldom vary more than
10 feet seasonally.  Well hydrographs indicate a general
downward trend in annual peaks and an increase in the
range between seasonal low- and high-water levels dur-
ing the late 1960’s and early 1970’s.  Long-term declines
in lake levels also have occurred.  Lakes located at
higher altitude on the Lake Wales Ridge generally have
experienced larger water-level fluctuations than lakes
located at lower altitudes.

The Lake Wales Ridge hydrologic system can be
generalized as follows.  Water moves downward from
the surficial aquifer to the intermediate aquifer and the
Upper Floridan aquifer in the central area, primarily
under the ridges, with minor flow under the flatlands.
Ground water then flows laterally away from the central
area and downgradient to discharge areas to the west,
east, and south.  Local movement of ground water is to
nearby streams and lakes.

Ground-water flow within the surficial aquifer is
predominantly towards major streams and lakes.
Ground-water flow in the intermediate and Upper Flori-
dan aquifers is generally west towards the Peace River
and east towards the Kissimmee River.  The general
configuration and head gradients of the potentiometric
surfaces of the intermediate and Upper Floridian aquifer
between seasons is similar; however, the potentiometric
contours in May compared to September of each year
are shifted inland.
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Downward leakage from the surficial aquifer to
the underlying confined aquifers occurs in most ridge
and upland areas; upward leakage occurs along valleys
of major streams.

A quasi-three-dimensional, finite-difference
computer model of the ground-water flow system was
constructed.  The model was initially calibrated in a
steady-state simulation in which simulated heads were
within 10 feet of observed or estimated ground-water
levels.  Simulation of ground-water discharge to
streams was poor, probably due to the scale of the
model and because measured streamflow does not rep-
resent natural conditions.

Simulated water-budget computations for the
September 1989 steady-state model run shows that
about 49 percent of ground-water discharge was lateral
boundary flow, about 26 percent was pumpage, about
14 percent was streamflow, and about 11 percent was
diffuse upward seepage to wetlands.  Leakage from the
surficial aquifer into the intermediate aquifer was simu-
lated at about 378 Mgal/d.  Downward leakage was
equivalent to about 2.3 inches per year over the mod-
eled area.

Sensitivity tests conducted during calibration of
the steady-state model indicated that simulated heads
are generally more sensitive to decreases in parameter
values than to increases in parameter values.  The model
calibrations are very sensitive to changes in transmissiv-
ities of the Upper Floridan aquifer, net recharge/dis-
charge and pumpage.  The model calibrations is
comparatively insensitive to changes in transmissivity
of the intermediate aquifer, hydraulic conductivity of
the surficial aquifer, and river-bed conductances.

The calibrated hydraulic parameters were further
tested by a transient simulation that involved matching
observed or estimated heads for May 1990 and Septem-
ber 1990, and by comparing simulated water-level
hydrographs with observed water-level hydrographs on
a monthly basis.  Overall, observed heads agreed rea-
sonably well with heads simulated by the model.  In
most instances, differences could be accounted for by
reasonable ranges of errors in the input parameters.

Simulated water-budget computations for the
May 1990 transient model period shows that about 86
percent of ground water was discharge by ET, about
11 percent was discharge by pumpage, and about 3 per-
cent was discharge across lateral boundaries.  Most of
the water pumped was derived from an increase in
downward leakage and from a decrease in lateral
boundary flow.  Leakage into the Upper Floridan aqui-
fer increased about 54 percent and net boundary flow

decreased about 47 percent during the irrigation season
(September 1989 to May 1990).

Sensitivity analysis indicated that the transient
model was most sensitive to changes in net
recharge/discharge and pumpage, particularly increased
net recharge/discharge.  Storage coefficients for the
intermediate and Upper Floridan aquifer are signifi-
cantly less important because high transmissivities
allow rapid head changes throughout the confined
regional system.

A final test of the model was made using a tran-
sient simulation for the period October 1988 through
September 1989.  Results indicate that there is a reason-
able match between model-simulated and observed
heads, however, the May 1989 transient calibration has
greater error and deviation than the May 1990 calibra-
tion result.

The calibrated flow model was used to evaluate
the short-term effects of 1990 water year pumpage (120
to 486 Mgal/d) on the September 1989 ground-water
flow system.  Five one-year simulations were made to
assess the effects of different pumping alternatives.
Simulation of removing all pumpage from the model
area during the 1990 water year indicated a maximum
head rise of about 2 feet in the surficial aquifer, about
12 feet in the intermediate aquifer, and about 16 feet in
the Upper Floridan aquifer.  The high-rate recharge
areas along the Lake Wales Ridge are most affected by
pumping.  The simulation in which there was no pump-
age for agriculture resulted in a maximum recovery of
about 2.0 feet in each aquifer.  The effects of agriculture
pumpage on the confined aquifer are small whereas the
effects of pumping on the surficial aquifer are relatively
large.

The simulation in which there was no industrial
and mining use in 1990 water year resulted in a maxi-
mum recovery of less than 0.5 feet in the surficial aqui-
fer, about 10 feet in the intermediate aquifer, and about
14 feet in the Upper Floridan aquifer.  The phosphate
mining area of southwest Polk County was most
affected by industrial pumpage.  The simulated effect of
no public supply pumpage is a maximum recovery of
about 0.5 feet in the surficial aquifer, about 4 feet in the
intermediate aquifer, and about 10 feet in the Upper
Floridan aquifer.  The simulated effects of no pumpage
for public supply are greatest near the larger municipali-
ties.  Simulation of no regional pumping outside the
WUCA during the 1990 water year indicated maximum
recoveries of less than 2 feet within the WUCA.

The calibrated flow model also was used to eval-
ulate the effects of long-term pumping on heads in the
aquifer system.  Two 20-year model simulations were
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run:  (1) continuation of 1990 water year hydrologic
conditions and pumping rates (349 Mgal/d), and (2)
continuation of 1990 water year hydrologic conditions
and increased pumpage (506 Mgal/d).  Simulation of
continued 1990 water year hydrologic conditions and
pumping for 20 years indicated that head declines of
more than 10 feet might be expected in each aquifer in
the northern part of the WUCA.  Simulation of
increased ground-water pumpage (by 45 percent) for
20 years indicated maximum head declines exceeding
23 feet in each aquifer in the northern part of the
WUCA.  Because lakes are hydraulically connected to
the surficial aquifer, the level of lakes within the
WUCA could decline substantially as a result of present
or future pumping and a continuation of 1990 hydro-
logic conditions.  These relatively large head declines
were accompanied by decreased simulated lateral
boundary outflow of about 40 percent and decreased
simulated water discharge to rivers by about 32 percent.
A condition of steady state was not established at the
end of the two 20-year simulation periods and equilib-
rium conditions were being met at a much slower and
less complete rate within the WUCA when compared
with most areas outside of the WUCA.

In this study it was noted that; (1) calibration of
the model was achieved with very little manipulation of
the transmissivity distributions for the intermediate
aquifer and the Upper Floridan aquifer, (2) significant
adjustments in vertical leakance values were needed to
calibrate the model, and  (3) the surface-water/ground-
water interaction for both streams and lakes were poorly
simulated.

The computer model is based on a simplified
conceptual model of the ground-water flow system in
the study area.  The mathematical solution was an
approximate solution to the differential equations that
define the ground-water flow system.  For this reason,
caution is advised when interpreting model results.
Model-derived properties, however, resulted from
extensive calibration simulations and are within realistic
limits.
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Figure 56.  Simulated leakage rates through the upper confining unit, September 1989.
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Figure 57.  Simulated leakage rates through the lower confining unit, September 1989.
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